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ABSTRACT 
 
Applications of Self-Assembly for Molecular Electronics, Plasmon Coupling, and Ion 
Sensing. (May 2010) 
Yang-Hsiang Chan, B.S., National Sun Yat-sen University 
Chair of Advisory Committee: Dr. James D. Batteas 
 
 This dissertation focused on the applications of self-assembled monolayers 
(SAMs) technique for the investigation of molecule based electronics, plasmon coupling 
between CdSe quantum dots and metal nanoparticles (MNPs), and copper ion detection 
using enhanced emission of CdSe quantum dots (QDs). The SAMs technique provides 
an approach to establish a robust, two-dimensional and densely packed structure which 
can be formed on metal or semiconductor surfaces. This allows for the design of 
molecular assemblies that can be used to understand the details of molecular conduction 
by employing various electrical testbeds. In this work, the strategy of molecular 
assemblies was used to pattern metal nanoparticles on GaAs surfaces, thereby furnishing 
a platform to explore the interactions between QDs and MNPs. The enhanced emission 
of CdSe QDs by MNPs was then used as a probe for ultrasensitive, cheap, and rapid 
copper(II) detection.  
The study is divided into three main facets. The first one aimed at controlling 
electron transport behavior through porphyrins on surfaces with an eye toward 
optoelectronic and light harvesting applications. The binding of the porphyrin molecules 
 iv
to Au surfaces, pre-covered with a dodecanethiol matrix, was characterized by FTIR, 
XPS, AFM, STM, of. This study has shown that the perfluoro coupling group between 
the porphyrin macrocycle and the thiol tether may provide a means of controlling the 
tunneling behavior.  
The second area of this study focused on the design of a simple platform to 
examine the coupling between metal nanostructures and quantum dot assemblies. Here 
we demonstrate that by using a patterned array of Au or Ag nanoparticles on GaAs, 
plasmon enhanced photoluminescence (PL) can be directly measured and quantified by 
direct scaling of regions with and without metal nanostructures.  
The third field presented a simple manner for using the enhanced PL of CdSe 
QDs as a probe for ultrasensitive Cu2+ ion detection and quantitative analysis. The PL of 
QDs was enhanced by two processes: first, photobrightening of the material, and second, 
plasmonic enhancement by coupling with Ag nanoprisms. This strong PL leads to a high 
sensitivity of the QDs over a wide dynamic range for Cu2+ detection, as Cu2+ efficiently 
quenches the QD emission. 
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CHAPTER I 
INTRODUCTION 
 
1.1. Self-Assembled Monolayers 
 Self-assembled monolayers (SAMs) are organic layers formed by the 
chemisorption of molecules onto a substrate from the liquid or the gas phase. SAMs 
were first developed by Zisman1 in 1946, in which a monolayer of long-chain alkyl 
alcohol was formed on a clean metal surface. At that time, it was just the discovery of a 
phenomenon without recognition of its potential, and was not widely investigated. Early 
work was initiated by Kuhn, in which a layer of chlorosilane derivative was adsorbed 
onto the hydrophilic glass, and the name self-assembled monolayers (SAMs) has been 
given ever since.2 There have been intense studies in SAMs since 1983 when Nuzzo and 
Allara demonstrated that the close-packed SAMs of alkanethiolates on gold can be 
prepared by the adsorption of di-n-alkyl disulfides onto Au surfaces.3 In addition to the 
most common S-Au bond, there is a variety of headgroups that bind to specific metals 
(Table 1.1).4 However, due to the inertness of gold and the strong bonding energy 
between thiolate group and gold surface (approximately 40 kcal mol-1), the field of 
alkanethiolate SAMs on gold has been the most studied thus far. 
 
 
 
 
____________ 
This dissertation follows the style and format of Journal of the American Chemical 
Society. 
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Table 1.1. Combinations of headgroups and substrates used in forming SAMs. (Adapted 
from ref 4.) 
 
 
 3
 SAMs are formed as the adsorbates organize spontaneously into an ordered 
monomolecular layer. Take alkanethiol adsorption on Au(111) surface from a liquid 
solution for example, two distinct kinetics can be observed. The first step is known as a 
diffusion-controlled Langmuir adsorption process, in which the rate depends on the thiol 
concentration and the entire procedure takes only a few minutes to achieve 80-90% of its 
maximal adsorption coverage. The second step is described as a surface crystallization 
process, in which the thiols on surface exchange with those in solution via desorption. 
This process takes several hours and leads to the formation of a 2D crystal-like 
arrangement, in which larger chain-chain van der Waals interactions prevent the further 
desorption of thiols from the surface. Additionally, kinetics for adsorption from the 
liquid phase depends on several factors including solvents used for preparing SAMs, 
temperature, concentration, immersion time, purity of thiols, oxygen content of solution, 
and cleanliness of substrate. 
 
1.2. Self-Assembled Monolayers of Thiol-Based Molecules on Gold 
 As shown in Figure 1.1, an alkanethiol SAM can be divided into three parts, 
which are the head group, the spacer (alkane chain), and the terminal functional group. 
The headgroup must have a highly specific affinity for the substrate so that bond 
formation is spontaneous. The procedure of alkanethiol adsorption can be considered as 
an oxidation of the S-H bond, followed by a reductive elimination of H2. That is,5 
R-S-H + Auno R-S-Au+ . Auno + ½ H2  
 4
The bond energies of RS-H, H2 and RS-Au are 87, 104 and 40 kcal mol-1, respectively, 
and the net energy for this reaction would be ca. -5 kcal mol-1. This reaction is therefore 
exothermic and spontaneous.  
 
n-alkanethiols/Au(111)Metal
Substrate
Ligand
or Head Group
Spacer
(Alkane Chain)
Terminal
Functional
Group
Organic Interface:
-- Determines surface properties
-- Presents chemical functional groups
Metal-Sulfur Interface:
-- Stabilizes surface atoms
-- Modifies electronic states
Organic Interphase (1-3 nm):
- Provides well-defined thickness
- Acts as physical barrier
- Alters electronic conductivity
and local optical properties
 
Figure 1.1. Schematic diagram of a well-ordered SAM of alkanethiolates on a metal 
substrate. (Adapted from ref 4.) 
 
The spacer, in this case an alkane chain, provides Van der Waals (VDW) 
interactions to stabilize the molecules. Longer alkane chains result in larger VDW 
interactions among adjacent molecules that make the kinetic step of surface 
crystallization faster and yield higher ordering of monolayers. The terminal functional 
group is the contact between the SAM and the environment, and accordingly contributes 
to the diverse properties of surfaces. SAMs have been reported with terminal functional 
groups ranging from nonpolar methyl groups to polar hydroxyl groups. Moreover, SAMs 
with more complex functional groups such as ferrocenyl and biotinyl groups have been 
explored for the surface phenomena of electron transfer and molecular recognition.4 
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Proper terminal functional groups can be selected or further derivatized for the 
fabrication and modification of the surface properties. 
 
1.3. Self-Assembled Monolayers on Silicon and GaAs 
There has been a great deal of interest in the utilization of semiconductor 
substrates due to their predominant electronic and optoelectronic properties of interest in 
industrial applications. The simple preparation and high stability of SAMs on 
semiconducting substrates makes it inherently manufacturable and technologically 
applicable for further surface engineering. Here, we focus only on the SAMs on silicon 
oxide and GaAs because they are most widely employed as substrates for devices in 
industry due to their superior stability which allows for further surface modification 
steps with a minimum destruction of molecular structures. For the SAMs on silicon 
oxide surfaces, the formation and characterization of SAMs of alkylchlorosilane, 
alkylalkoxysilanes, and alkylaminosilanes on silanol-terminated surfaces via strong Si-
O-Si covalent bonds have been widely studied recently.6 The reproducibility of high-
quality alkylchlorosilane SAMs on silicon remains a challenge however, because the 
amount of water in solution greatly influences the formation of silane SAM. It was 
suggested that a water level of 0.15 mg/100 mL in solvent can provide the optimal 
conditions for the formation of closely packed SAMs on silicon oxide.7  Nevertheless, it 
was found that other parameters such as temperature, solvent, solution age, and 
deposition time also play significant roles in SAM formation.8 Thus, the experimental 
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conditions should be carefully controlled in order to obtain a smooth and well-packed 
monolayer. 
There has been a significant controversy over the mechanism of monolayer 
formation on silicon oxide.6 Generally the process of SAMs growth on silicon oxide has 
been suggested to proceed via island-type or homogenous growth, or both, as illustrated 
in Figure 1.2. For longer-chain molecules, it was found that the SAMs form through an 
island-type growth. In contrast, shorter-chain molecules exhibit mostly homogenous 
growth, but both types of growth were observed by several groups using atomic force 
microscopy, depending on the experimental conditions such as water content and age of 
the silane solution. A model of a growing monolayer crystallite covered by a thin water 
layer was proposed by Rye et al. as shown in Figure 1.3.9 The neighboring molecules 
were bound together the covalent bonds with the hydrocarbon tails orientated 
perpendicular to the surface normal in order to reduce steric effects. A molecular area of 
21-25 Å2 per chain with a tilt angle of 15-17o from the normal was observed for the 
alkylsilane SAMs on SiO2.8 The general lack of long-range order was attributed to a 
certain degree of cross-polymerization between neighboring groups. 
 
 7
substrate
island-type growth
substrate
homogenous growth
substrate  
Figure 1.2. Schematic representation of island-type and homogenous growth of 
alkylsilane SAMs on SiO2. Inset shows the AFM image (20 x 20 μm2) of a partial 
alkylsilane film. (Adapted from ref 6.) 
 
 8
= van der Waals radius
for hydrogen chain
 
 
Figure 1.3. Model of a growing silane monolayer crystallite. (Adapted from ref 6.) 
 
Among group III-V semiconductors, GaAs is one of the most widely used 
materials due to its high saturated electron velocity and high carrier mobility. This 
makes it extremely suitable for functions in high frequency telecommunications and fast-
response electronic devices.  Moreover, the direct band gap of GaAs exhibits a higher 
radiative decay rate and larger absorbance cross section, which renders it more 
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applicable than Si for light-emitting devices.  However, the strong propensity towards 
oxidization10,11 of bare GaAs surfaces after a few days in ambient atmosphere is a 
difficult matter to address.  Recently, there have been a number of reports on the 
passivation of GaAs surfaces with inorganic sulfur molecules12-14 by removing the native 
oxide layer using acid and/or base prior to modification.  In particular, the use of SAMs 
has been extensively employed to mediate surface oxidation of GaAs because of the 
relatively stable, two-dimensional, and densely packed structures that can be formed 
through robust covalent bonds as compared to Langmuir-Blodgett (LB) films15 and lipid 
bilayers.16  It is therefore possible to tune their electronic and optical properties17 by 
modifying the interfacial properties with molecules of various terminal groups. The 
fabrication of alkanethiolate monolayers on GaAs has been intensely studied recently. A 
molecular density of ~21.2 Å2/molecule and a nearest neighbor distance of 3.995Å were 
revealed as shown in Figure 1.4. From Near Edge X-ray Absorption Fine Structure and 
infrared spectroscopy, the tilt angle of alkanethiol SAMs on GaAs was determined to be 
14o-15o (Figure 1.4C). However, a tilt angle of 26o ± 10o for aromatic thiol monolayer on 
GaAs was observed (Figure 1.5).13 For alkanethiols with chains longer than 15 carbons, 
the SAMs are highly ordered with a herringbone arrangement of the molecules, which 
has also been seen in the assemblies on Au(111).13 For chain length smaller than 15, it is 
diffucult to obtain a substantial ordering SAMs on GaAs due to the diminished van der 
Waals interactions. Generally, there still exist some challenges for alkanethiol SAMs on 
GaAs including their slow adsorption rate, poor resistance of the susbtrate to oxidation 
in air.  These disadvantages make thiol SAMs undesirable for GaAs electronic 
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passivation. The alternative method is to introduce a fresh thin oxide layer as a binding 
layer onto GaAs surfaces by the exposure of UV-ozone or oxygen plasma after base and 
acid treatment.  There have been only a few reports focusing on using this oxide layer as 
a binding layer for the adsorption of carboxylic acid,18 phenylphosphonic acid,19 and 
siloxane molecules20 on GaAs substrates (see chaper IV for details). 
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Figure 1.4. (A) Proposed lattice structure superimposed on GaAs(001). (B) A 
pseudohexagonal unit cell. (C) Schematic side view of alkanethiol adsorbates along the 
[110] step edge direction of GaAs(001). (Adapted from ref 13.) 
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Figure 1.5. Schematic model of aromatic thiols on GaAs. (Adapted from ref 6.) 
 
 
1.4. Patterning SAMs In Plane 
 Micro- and nano-fabrication techniques of spatially organized SAMs patterns 
including proteins/DNA,21-25 and organic molecules26-28 have attracted tremendous 
attention due to their diverse applications29-32 including miniature electronic devices, 
catalysis, information storage and biological sensing.  Many approaches for the 
fabrication have been developed such as photolithography,33,34 microcontact printing,35,36 
direct evaporation,37 scanning probe lithography,38-40 electron-beam lithography,41,42 
paylene-based lift-off method,43 focused ion beam lithography,44 and nanoimprinting45 
onto metal or semiconductor surfaces. For the microcontact printing technique, the 
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SAMs are patterned by physically transferring the molecular components to the substrate 
in a predetermined template (Figure 1.6). The advantage for this strategy is that many 
features can be generated simultaneously on the substrate covering a large-scale area (up 
to ~100 cm2) as compared to the scanning probe lithography in which only one feature 
can be written at a time. The feature resolution for the microcontact printing ranges from 
a couple of nm to several mm. 
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Figure 1.6. (a) Schematic diagram showing the principle of microcontact printing using 
the PDMS as a stamp. (b) Enlarged view for the contact regions between the stamp and 
substrate. (Adapted from ref 4.) 
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 Other approaches including photolithography, e-beam lithography, and 
mechanical scratching rely on the selective damage to the pre-fabricated SAMs. Take 
photolithography for example, irradiation of the SAMs through a pre-designed photo-
mask with UV or laser light results in the oxidation or degradation of the SAMs in the 
exposed area. The resulting oxidized molecules can then be removed by rinsing with 
proper solvents or replaced by another SAM by immersing into a second adsorbate 
solution (see Figure 4.3 as the example). For photolithography, the feature resolution 
depends on the wavelength of the light source due to the diffraction limitation. Generally 
it is difficult to reach a resolution less than 100 nm using this method. On the other hand, 
generating features with dimensions as small as 10 nm is common by means of beam 
lithography. However, the disadvantage of beam lithography is the cost of the equipment. 
For the AFM-based lithography (nanoshaving and nanografting), a high local force is 
applied on the AFM tip during the scan in the contact mode (Figure 1.7). This process 
leads to the displacement of the adsorbate molecules and a new molecule can therefore 
fill into the vacancy to create the patterned SAMs. The feature size of the AFM-based 
lithography can be less than 10 nm depending on the diameter of the AFM tip. 
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Figure 1.7. Schematic diagrams of basic manipulation mechanisms of AFM-based 
lithography. 
 
1.5. Summary 
Self-assembled monolayers are a very powerful tool for surface engineering. 
They provide a general and flexible method to tailor the interfacial properties on any 
geometry or size. Their chemical functionality and thermodynamic stability make them 
possible to be utilized for more complex systems.  
Our interest and main goal of the study reported herein is to use SAMs as a facile 
tool for various applications. For example, we employed SAMs to investigate the 
electronic properties of molecules of interest. We also used the patterned SAMs as a 
template to create arrays of metal nanoparticles on GaAs. Additionally, we used SAMs 
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as the capping ligands to tune the optical properties of quantum dots via simple 
desorption/re-adsorption processes. This study represents the practical applications of 
SAMs in several fields including molecular electronics, optics of quantum dots, and 
biosensing. 
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CHAPTER II 
EXPERIMENTAL 
 
2.1. Atomic Force Microscopy 
 The Atomic Force Microscope (AFM) was first invented by Gerd Binning in 
1986 and has became one of the most powerful analytical techniques in surface science. 
The AFM consists of a cantilever with sharp tip end, a piezoelectric translator, a 
quadrant photodetector, and a feedback controller that is connected to a computer 
(Figure 2.1). When the tip approaches the surface of a sample, the cantilever is deflected 
by the forces between the tip and sample which include van VDW, capillary, 
electrostatic, and chemical forces. The displacement of the cantilever in turn leads to a 
deflection of the laser which is detected by the photodetector. The feedback controller 
then communicates with the piezoelectric scanner to adjust the height in order to keep 
the constant vertical deflection force (FN). The scanning software then constructs a 
topographic image of the sample surface according to each (x, y, z) data point.  
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Figure 2.1. Schematic illustration of an atomic force microscope. The inset shows an 
typical image of mica surface obtained by AFM. 
 
There are several scanning modes in AFM: (1) contact mode: tip touches the 
surface and relies on maintaining a constant tip-sample force. (2) non-contact mode: tip 
probes the force gradient of the surface and produces images without touching the 
surface. (3) intermittent force mode: tip only intermittently contacts the surface and 
reduces lateral shearing forces while scanning. (4) modulated force mode: tip oscillates 
in contact with the surface while the changes in amplitude and phase of the tip 
oscillation provide information on the surface’s viscoelastic properties. (5) lateral force 
mode: tip probes the torsional forces acting on the tip-lever assembly, which can provide 
information regarding friction and shear contact stress. Different modes are selected 
depending on the surface properties of the material of interest. For example, the imaging 
of soft materials is best done using the non-contact mode in order to prevent the 
destruction of the samples while the biological samples are best scanned under liquid 
conditions using tapping mode. 
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2.2. Confocal Fluorescence Microscopy 
 Confocal Fluorescence Microscopy is a technique which provides true three-
dimensional optical resolution. The principle of this technique was first advanced by 
Marvin Minsky and then patented in 1957.46 In confocal fluorescence microscopy 
(Figure 2.2), the light coming from the laser passes through a pinhole and is reflected by 
a dichroic mirror. The light is then focused by an objective lens into a small focal 
volume on the surface of a sample. The dichroic mirror reflects shorter wavelength light 
while transmitter longer wavelengths. Therefore, longer wavelength fluorescent light 
emitted from the sample is transmitted by the dichroic mirror and then collected by the 
detector while the light from scattering or reflection is blocked. The detector can be a 
photomultiplier tube (PMT), charge-coupled device (CCD), or any other light-sensitive 
device.  
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Figure 2.2. Schematic illustration of the fluorescence confocal laser scanning 
microscopy. 
 
In confocal fluorescence microscopy, any signal from the out-of-focus planes is 
suppressed by an aperture as depicted in Figure 2.2. Only light originating from the in-
focus planes is imaged by the detector. The position of this pinhole is in a conjugate 
plane with both the plane of focus of the microscope objective and the point of excitation 
of the laser (excitation pinhole). True three-dimensional resolution is therefore 
accomplished by collecting a single point at a time, which usually requires long imaging 
time.  
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Figure 2.3. The principle of confocal fluorescence microscopy. 
 
 
2.3. Scanning Tunneling Microscope 
 Scanning tunneling microscopy (STM) is a technique which was invented by 
Russell Young in 1972.  This technique was further developed by Binning and Rhorer in 
1981 to achieve vibration isolation47 and later demonstrated atomic resolution of the Si 
(111)-7x7 surface.48  Binning and Rohrer were awarded the 1986 Nobel Prize in Physics 
for their elaborate design of the STM.  An STM is capable of imaging electrically 
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conducting surfaces down to atomic scale by applying a positive or negative bias 
between the tip and sample, while the tunneling current is employed as the feedback 
(Figure 2.3).  With tunneling, not structural properties, but electronic properties can be 
obtained, which allows for a diversity of applications.  In addition, recent reports have 
shown the manipulation of individual atoms and molecules49 on surfaces by the STM tip.  
To date, STM has revealed many interesting phenomena in the field of molecular 
electronics including negative differential resistance,50 field effect transistors,51 
information storage, molecular rectifiers,52 and reversible redox switching.53,54 
 
 
 
Figure 2.4. Schematic diagram of the working components of an STM. 
 
The principle of STM relies on the process of quantum tunneling. When the STM 
is brought close to the surface without touching it under potential, electrons will tunnel 
from the tip to the sample or from the sample to the tip depending on the applied bias, 
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without crossing the potential barrier (Figure 2.4). The electron tunneling is dictated by 
the overlap of tip and sample wavefunctions. The current passing through the vacuum 
barrier decays exponentially with the distance between the tip and sample as shown 
below (Figure 2.5):  
kzVeI −~  
Where I is the tunneling current, V is the bias between the tip and sample, k is a 
tunneling decay constant and z is the tip-sample separation. This strong dependence of 
current on distance renders STM sensitive to tip-sample separation as little as 0.01 Å. In 
STM, images are acquired in two main modes, constant current and constant height.  In 
constant current mode, the tip is controlled by the feedback electronics to maintain a 
constant current between the tips and sample. The topographic data is therefore plotted 
as it scans over the surface.  In constant height mode, the tip is held at a fixed height and 
voltage over the surface and the variations in the current is recorded as the tip rasters 
back and forth. 
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Figure 2.5. Schematic diagram of 1-D tunneling barrier. 
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CHAPTER III 
CHARACTERIZATION OF A THIOL TETHERED TRI-PYRIDYL PORPHYRIN ON 
AU(111) 
 
3.1. Synopsis 
Porphyrins are actively studied for use in molecular and organic electronic 
components of devices due to their diverse, tunable optical and electronic properties.  In 
this study mixed self-assembled monolayers (SAMs) of dodecanethiol and a tri-pyridyl 
porphyrin attached to a thiol tether via a perfluorinated phenyl ring, (TPy3PF4-SC5SH) 
were prepared on Au(111) substrates.  The synthetic strategy allows rapid formation of 
derivatives with different tethers. The surface structural and electronic properties of 
mixed monolayer SAMs of the porphyrin inserted into the dodecanethiol matrix were 
investigated using scanning tunneling microscopy (STM), atomic force microscopy 
(AFM), Fourier transform infrared reflection-absorption spectroscopy (FT-IRAS), and 
X-ray photoelectron spectroscopy (XPS). Density Functional Theory (DFT) calculations 
were also employed to evaluate the analytical vibrational frequencies of the TPy3PF4-
SC5SH molecule as well as its electronic structure.  For the mixed monolayers, the 
morphology of the porphyrin molecules was probed by STM where it was found that the 
molecules assembled into domains of ~ 2 and 6 nm.  AFM shows that the molecules 
protrude above the n-dodecanethiol layer by ~ 0.9 nm, while by STM, apparent heights 
of only ~ 0.5 nm were observed, suggesting limited tunneling efficiency. Stochastic 
switching of the porphyrin molecules was also observed during STM measurements in 
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the mixed monolayer and is likely associated with conformational changes within the 
monolayer since these molecules tended to insert near defects within the SAM.  
 
3.2. Introduction 
In recent years, thiol-derivatized molecules on gold substrates have been widely 
implemented for elaborate designs of molecular electronics.55-58  The use of self-
assembled monolayers (SAMs)4 has been extensively employed for this development 
because of the relatively stable, two-dimensional, and densely packed structures that can 
be formed on metal or semiconductor surfaces through robust chemical bonds (e.g. Au-S, 
Si-O and Si-C bonds) as compared to Langmuir-Blodgett (LB) films59 and lipid 
bilayers.60 The electronic properties of single molecules or small groups of molecules 
have been studied by constructing different electrical testbeds, including electrical and 
mechanical break junctions,61-65 cross-wire junctions,66 nanopores,67 mercury drop 
contacts,68 conducting-probe atomic force microscopy (CP-AFM),69,70 and scanning 
tunneling microscopy (STM).65,71,72  STM is a powerful surface analysis technique, as it 
enables the observation of individual molecules with atomic resolution on surfaces. In 
addition to topographic details, STM images can elucidate details of the local tunneling 
probability as well as the electronic density of molecular orbitals (e.g. highest occupied 
molecular orbital, HOMO and lowest unoccupied molecular orbital, LUMO) 
participating in the tunneling process thus can influence the local transport behavior.   
Although organic molecules with73-76 and without77-79 π-electron conjugated 
system have attracted considerable attention for in the potential manufacturing of 
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electronic devices down to the molecular level, highly π-conjugated molecules are of 
particular interest since the π-electron delocalization inside such molecules typically 
results in lower injection barriers and more efficient tunneling or electron transfer.  
Recent work in this aspect has been explored on polythiophenes,80-82 oligo(phenylene 
ethynylene)s (OPEs),83-85 oligo(phenylene vinylene)s (OPVs)86 as well as 
phthalocyanines,87 porphyrins88,89 Re/Ru-bipyridyl molecules90 and metal string 
complexes.91,92  There have been a number of previous studies on porphyrins anchored 
to various substrates93-97 because of their remarkably diverse photoelectrochemical, 
catalytic, electronic, and biochemical properties98 that enable their use as active 
components of devices for applications including chemical sensors,99,100 information 
storage,101,102 and electrocatalytic or photocatalytic oxidations or reductions.103,104  The 
relatively small HOMO-LUMO gap (ca. 2 eV) and the proximity of the HOMO states to 
the Fermi level of Au can be an advantage in many of these applications.  In addition to 
single molecules,  hierarchical assemblies of porphyrins self-organized by various 
strategies have also been explored as a means of creating light harvesting structures for 
energy conversion.105-108   
Key in the implantation of hierarchical assembly of porphyrins for the 
construction of molecular based devices is the ability to readily create assemblies that 
can be reliably organized and attached to surfaces in high yields.  In the work presented 
here, a free-base porphyrin macrocycle bearing three 4-pyridyl moieties and one 
pentafluorophenyl substituent in the meso positions was synthesized as a core platform 
for the rapid, high yield attachment of tethers that can be tailored to both the surface 
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chemistry and other properties.  In the present case a terminal dithiolalkane replaces the 
4-fluoro group to yield a derivative for immobilization onto a gold surface via strong 
sulfur-gold chemisorption (Figure 3.1).  The work described herein is the first in a series 
of molecular systems being investigated by our groups for the creation of light 
harvesting and molecular/organic electronic devices.  The pyridyl moieties provide a 
convenient attachment point for additional molecules via metal-ligand coordination 
chemistry, while the use of the fluorinated phenyl ring provides easy surface attachment 
group.  Moreover, by controlling the extent of fluorination of this linker group, this 
phenyl ring, can be used as an internal barrier to control the tunneling between the 
pyrrole macrocycle and the thiol tether.  This barrier can be modulated by systematic 
variation of the number and position of the fluoro groups on the ring, thus affording 
some control of the relative orbital energies of this phenyl group and the degree of steric 
interactions between the 2,6-positions on this phenyl group with the pyrrole β-hydrogens.  
Thus, control of these interactions provides a means to dictate the electronic coupling 
between the macrocycle and the tether. 
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Figure 3.1. Chemical structure of TPy3PF4-SC5SH. 
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In this work the tri-pyridyl porphyrin with the fully fluorinated ring has been 
explored.  In addition to the synthesis, we describe the preparation and characterization 
of mixed monolayers of the thiol tethered porphyrin inserted into a pre-assembled n-
dodecanethiol monolayer on gold surfaces. The surface assembly has been characterized 
utilizing STM, AFM, X-ray photoelectron spectroscopy (XPS), and Fourier transform  
infrared reflection absorption spectroscopy (FT-IRAS). 
 
3.3. Experimental Details 
Materials. Self-assembled monolayers were prepared on Au films, including 
Au(111) on mica (Molecular Imaging-Agilent, Phoenix, AZ) and on evaporated Au 
films on Si.  Au films on Si substrates were prepared by thermal evaporation onto single-
side polished Si(100) wafers (Virginia Semiconductor Inc.) in a bell-jar evaporator 
(BOC Edwards, Auto 306).  The chromium (5 nm) and gold (200 nm) films were 
deposited under vacuum (p < 2.0 × 10-6 Torr) at the rate of 0.5 and 3 Å/s, respectively.  
Dodecanethiol (DDT) was purchased from Aldrich (98% purity) and used as received. 
 
Synthesis of Porphyrin Thiol Compound. 5,10,15-tri(4-pyridyl)-20-(4-(1’,5’-
dithiopentyl)-2,3,5,6-tetrafluorophenyl) porphyrin (TPy3PF4-SC5SH) was synthesized in 
two steps.  First, a mixed aldehyde condensation in propionic acid using one equivalent 
of pentafluorobenzaldehyde, three equivalents isonicotinaldehyde and four equivalents 
pyrrole yields a statistical mixture of compounds that are readily separated by flash 
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chromatography.109  The 4-fluoro group of the target 5,10,15-tri(4-pyridyl)-20-
perfluorophenylporphyrin (15mg, 21.2 mmol), was reacted with 1,5-dithiopentane 
(25mL, 180.5) mmol and diethyl amine (60mL, 580 mmol) in a solvent mixture of DMF, 
chloroform and methanol (4:4:1 v/v, 3mL) in the dark under nitrogen at room 
temperature for 24h. After evaporation of the solvent at reduced pressure, the crude 
product was purified by flash silica gel column chromatography with a 97% CH2Cl2 / 
3% CH3OH (v/v) eluent.  The major fraction was collected and subjected to one more 
column purification with the same solvent system (yield 13.8mg, 79% based on 
compound 1).  UV- visible in CH2Cl2 (λmax nm (rel. intensity): 416 (100), 511 (9.28), 
544 (3.85), 585 (6.25) and 640 (2.39). NMR (500MHz, CDCl3):δ = 9.10 (d, J = 6.3 Hz, 
6H), 8.91 (m, 8H), 8.20 (m, 6H), 3.31 (t, 2H), 2.67 (m, 2H), 1.91 (m, 2H), 1.79 (m, 4H), 
1.45 (t, 1H) and –2.81 (s, 2H). UV-Vis (CHCl3): 416, 511, 544, 585 and 640. ESI-MS: 
824 (MH+). 
 
Preparation of Mixed Monolayers.  Au(111) substrates (purchased from 
Molecular Imaging Inc.) were ~150 nm flame-annealed gold films on mica. Before each 
experiment, all substrates were treated with UV/ozone for 20 min, followed by rinsing 
the gold film in sequence with high purity (18.2 MΩ•cm) water (NANOpure Diamond, 
Barnstead), ethanol, and dried with streaming nitrogen.  SAMs of n-dodecanethiol were 
formed by immersion of the Au films in 1 mM n-dodecanethiol in ethanol for 24 h.  
After rinsing liberally with ethanol, the substrates were soaked in 0.5 mM porphyrin 
thiol dissolved in dichloromethane for five days to allow the insertion of the porphyrin 
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molecules into n-dodecanethiol matrix.  After insertion, the substrates were removed 
from the solution and were rinsed with dichloromethane and blown dry with streaming 
nitrogen.   
 
Scanning Tunneling Microscopy.  STM measurements were taken both in air and 
under ultrahigh vacuum (UHV) conditions.    STM measurements in air were carried out 
with a NanoScope IIIa (Veeco Metrology Group, Santa Barbara, CA) using a low-
current scanning head under ambient conditions.  High resolution images were collected 
under UHV conditions using an Omicron UHV-XA STM system.  The system was 
operated with a typical base pressure of < 3 x 10-10 Torr.  Images were collected using 
Pt/Ir (70/30) tips which were mechanically cut.  The typical imaging conditions of 
tunneling current and tip bias voltage ranged from 10 pA to 200 pA and from +500 mV 
to +1.5 V, respectively.   Current-voltage (I-V) spectra were collected under UHV 
conditions over a voltage range of -2 V to + 2 V. 
 
Atomic Force Microscopy.  AFM images were acquired with a Molecular 
Imaging 4500 Pico SPM (Agilent, Phoenix, AZ) with a deflection-type detection 
scanning head interfaced with an SPM1000 control electronics Revision 8 (RHK 
Technology Inc., Troy, MI). All AFM images were acquired in contact mode under 
ethanol using commercially available Si3N4 AFM tips (Veeco/TM Microscopes, 
Sunnyvale, CA) with nominal tip radii of ~ 10 nm and nominal spring constants ranging 
from 0.03-0.1 N/m. 
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X-ray Photoelectron Spectroscopy.  XPS data were acquired with a Kratos Axis 
ULTRA X-ray photoelectron spectrometer equipped with a 165 mm hemispherical 
electron energy analyzer.  The incident radiation was the MgKα X-ray line (1253.6 eV) 
with a source power of 180 W (15 kV, 12 mA).  The analysis chamber was maintained at 
a steady base pressure of <6 × 10-9 Torr during sample analysis.  Survey scans of up to 
1100 eV were carried out at a analyzer pass energy of 160 eV with 1.0 eV steps and a 
dwell time of 300 ms.  Multiplexed high resolution scans (Au 4f, C 1s, S 2p, N 1s, and F 
1s) were taken at a pass energy of 40 eV with 0.1 eV steps and a dwell time of 60 ms.  
The survey and high resolution spectra were obtained with averages of 5 and 50 scans, 
respectively.  The Au 4f peak at 84.0 eV was set as a reference for all XPS peak 
positions to compensate for energy shifts due to the spectrometer work function.  The 
fitting of high-resolution sulfur peak was executed by utilizing XPSPEAK 6.1 in which a 
Shirley-type background110 (from ~159 eV to ~168 eV) with an 80% Lorentzian-
Gaussian curve-fitting program were used.  The spin-split doublets of the S(2p) were 
fitted by fixing the area ratio at 2p3/2:2p1/2 = 2:1 and setting their energy difference to 1.2 
eV.  The full width half-maximum of each peak was also maintained at a constant value. 
 
FTIR Spectroscopy.  Transmission IR spectra of the solid porphyrin compounds 
were obtained in KBr pellets.  FTIR spectra of the mixed monolayers were collected on 
evaporated Au films on Si.  Reflection-absorption spectroscopy was collected using an 
FT-IR spectrometer (Nicolet 6700, Thermo Electron Corporation, Madison, WI) 
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equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector.  FTIR data were 
acquired in single reflection mode with polarized light generated by a ZnSe polarizer 
adaptor (FT-80, Thermo Electron Corporation).  The light path, MCT detector, and 
sample chamber were purged with dry nitrogen during the measurements.  An UV/ozone 
cleaned gold substrate was used as the reference.  The IR spectra were collected with a 
total of 1024 scans of both the sample and the reference at 4 cm-1 resolution. 
 
3.4. Results and Discussion 
 FTIR Measurements.  The IR spectra of TPy3PF4-SC5SH calculated by DFT and 
prepared in KBr pellets are presented Figure 3.2A and 3.2B, respectively.  The 
molecules in KBr pellets are ground thoroughly and thus presumably exhibit isotropic 
orientation.  Figure 3C displays the infrared reflection absorption spectroscopy spectrum 
of porphyrin thiol/dodecanethiol mixed monolayers on Au. The observed peak 
frequencies and vibrational modes were assigned based on the calculations and 
previously reported literature94,97,111,112 and are summarized in Table 3.1. 
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Figure 3.2.  IR spectra of TPy3PF4-SC5SH (A) calculated by TPSS and (B) prepared in 
KBr pellets; and IRAS spectrum of (C) TPy3PF4-SC5SH/dodecanethiol mixed SAMs. 
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Table 3.1. Peak assignments for the porphyrin thiol in KBr Pellets, in monolayers mixed 
with dodecanethiol and TPSS calculations.  aThe peak intensity is negligible. 
bCalculated with density functional theory TPSS/6-31G+(d’). 
 
peak position (cm-1)
in 
KBr 
in mixed 
SAMs 
DFTb
calc.
vibrational mode 
3316 3318 3470 ν(N-H), stretching 
-----a 2964 -----a νa(CH3, ip), asym stretching 
-----a 2936 -----a νs(CH3, FR), sym stretching 
2926 2919 3058 νa(CH2), asym stretching 
-----a 2877 -----a νs(CH3), sym stretching 
2853 2850 3010 νs(CH2), sym stretching 
2533 -----a 2663 ν(SH) 
1592 1593 1603 ν8b(C=C), in-plane stretching
1465 1468 1447 ν19a(C=C), in-plane stretching
1069 1045 1077 ν18b(CH), in-plane bending 
968 969 970 pyrrole breathing 
798 ~791 800 ν11(CH), out-of-plane bending
~726 723 729 pyrrole deformation  
 
A proposed model of the porphyrin thiol derivative embedded in n-dodecanethiol 
SAMs tilting away from the surface normal by ~ 30o is illustrated in Figure 3.3, where 
the in-plane pyrrole ring breathing mode, a1, and out-of-plane pyrrole C-H bending 
mode, a2, are sketched.  The tilt angle of the porphyrin macrocycle (α) with respect to 
the surface normal can be derived from the intensity ratio of these two transition dipoles.  
The observed disappearance of the ν(SH) mode at 2534 cm-1 confirms the formation of 
S-Au covalent bonds.  The absorptions between 2800 and 2965 cm-1 are n-alkyl stretch 
modes (ν(CH2) and ν(CH3) originating from dodecanethiol matrix and the porphyrin 
thiol alkyl tether).  The corresponding vibrational peaks for the in-plane and out-of-plane 
contributions from the porphyrin thiol pyrrole moieties (a1 and a2, respectively) are 
denoted in Figure 3.3 for deducing the molecular tilt angle of the thiol-derivatized 
porphyrin SAMs.   
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Figure 3.3. Proposed binding scheme of TPy3PF4-SC5SH inserted into n-dodecanethiol 
SAMs and corresponding in-plane (a1) and out-of-plane (a2) dipole vectors of porphyrin 
macrocycle. 
 
The increase of intensity ratio of Ia1/Ia2 in the mixed monolayers (Figure 3.2C) as 
compared with the KBr pellets (Figure 3.2B) suggests that the porphyrin macrocycle 
orients at a certain angle relative to the surface normal rather than lying flat on the Au 
surface according to the surface dipole selection rule113 in which the dipole moments 
perpendicular to the metallic substrates can be enhanced, while those parallel to the 
substrates will be cancelled out.  Based on the intensity ratios of the orthogonal vectors 
of Ia1/Ia2 in mixed monolayers versus the isotropic KBr sample, the average tilt angle (α) 
was determined to be ~ 39.0o relative to the surface normal.114  The value of the average 
azimuthal tilt angle was obtained by assuming that the rotation angle (φ) around the main 
molecule axis was 0o and the porphyrin ring was planar which is in accordance with the 
results of theoretical calculation (vide infra).  Although the rotation angle might vary 
from 0o, the value of the calculated tilt angle is not affected much by the variation of 
rotation angle.  If the relative isotropic intensity, Ia1/Ia2, from the calculated spectrum is 
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used in place of the experimentally measured KBr sample, the tilt angle of the 
macrocycle in the mixed monolayers would be similar at ~ 41.0o. 
 
X-ray Photoelectron Spectroscopy. A representative survey spectrum of the 
porphyrin thiol/dodecanethiol mixed monolayer is shown in Figure 3.4.  High-resolution 
spectra of the C(1s), N(1s), and F(1s) regions show peak binding energies of 284.8 ± 0.1, 
399.0 ± 0.1 and 687.0 ± 0.1 eV, respectively, while the high-resolution S(2p) signal can 
be fitted into two sets of doublets from the S(2p3/2) and S(2p1/2 ) components split by 1.2 
eV.  The two S(2p3/2) peaks are centered at 162.1 ± 0.1 and 163.7 ± 0.1 eV, respectively 
(Figure 3.5).  The first type of sulfur corresponds to the thiol chemisorbed onto the gold 
substrate,115 while the second at higher binding energy can be attributed to the presence 
of the S coordinated to the tetrafluorophenyl ring.103  The experimentally determined 
value of F:N atomic ratio is consistent with the expected 4:7 stoichiometry within a 
deviation of 10-15% which demonstrates that the integrity of the porphyrin thiol 
molecules is retained after insertion into the n-dodecanethiol matrix.   
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Figure 3.4. X-ray photoelectron survey spectrum for TPy3PF4-SC5SH/dodecanethiol 
mixed monolayers on Au (111). 
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Figure 3.5. High-resolution XPS for TPy3PF4-SC5SH/dodecanethiol mixed SAMs, 
showing the F 1s, N 1s, C 1s, and S 2p spectral regions. 
 
Surface Imaging.  In order to examine the surface structure of the inserted 
porphyrin molecules, both atomic force and scanning tunneling microscopies were 
employed.  AFM images of the mixed monolayer show clusters inserted into the 
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dodecanethiol matrix, suggesting that the porphyrin molecules are sticking up out of the 
dodecanethiol background.  Based on the physical heights determined from contact 
mode images in ethanol, the porphyrins were observed to extend above the 
dodecanethiol SAM anywhere from 0.5 nm to 2 nm (Figure 3.6A).  The variation in 
heights is likely due to differences in bonding location, such as near defects or step 
edges in the film.  The average measured height difference was found to be ~ 0.9 nm, 
which is consistent with the average structure illustrated in Figure 3.2 as deduced from 
the FTIR data, in which the porphyrin macrocycle is tilted ~ 39o away from the surface 
normal.  Due to the large size of the AFM tips used (ca. 10 nm) sufficiently high 
resolution images however were not possible by AFM to detail the molecular 
organization of the dodecanethiol matrix.  As such, scanning tunneling microscopy was 
employed to obtain molecular resolution images of the mixed monolayer films.   
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Figure 3.6. Height and domain size distributions from AFM and STM measurements. 
(A) Physical height difference between the dodecanethiol and porphyrins deduced from 
AFM images in ethanol.  (B) Domain size histogram and (C) apparent height distribution 
for the ON conductance state of TPy3PF4-SC5SH embedded in n-dodecanethiol SAMs 
from UHV-STM (Vbias = 1.4 V, Itunnel = 20 pA). 
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STM images of the dodecanethiol matrix on the Au(111) surface shows the 
close-packed structures typically observed for alkanethiols that have been previously 
reported116-118 (Figure 3.7).   When the porphyrins are inserted into the SAM, they are 
found to organize next to and into defects in the film and appear as bright unresolved 
clusters.  From the examination of a number of self assembled mixed monolayers, the 
clusters are found to form two predominate average domain sizes of ~ 2 nm and ~ 6 nm 
in width (Figure 3.6B).  The ~ 2 nm domains are likely single inserted porphyrins whose 
physical width from pyridyl-pyridyl group is ~ 1.5 nm, convoluted with the STM tip 
shape,119,120 or broadened by thermal motion, while the ~ 6 nm domains are porphyrin 
aggregates (likely 3-5 molecules) which tend to have strong π−π coupling between 
macrocycles.  This distribution is observed when imaging either in air or under UHV 
conditions.  Interestingly, all of these domains show similar apparent heights of 0.5 nm 
on average relative to the dodecanethiol matrix.  The apparent height distribution for 
these porphyrin thiol domains is displayed in Figure 3.6C.  This apparent height is nearly 
half that of the observed physical height deduced from AFM images of the same samples 
and suggests that the barrier to tunneling within the molecules is significant.  
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Figure 3.7. UHV-STM images of TPy3PF4-SC5SH molecule(s) isolated within n-
dodecanethiol matrix on Au(111) under UHV conditions.  Imaging size: (A) 50 x 50 nm, 
(B) 50 x 50 nm, (C) 100 x 100 nm, and (D) 100 x 100 nm; imaging conditions: Vbias = 
1.4 V, Itunnel = 20 pA.  The inset in (A) magnifies the (√3 x √3)R30o lattices for n-
dodecanethiol SAMs. 
 
Comparing the physical height as deduced from AFM measurements to the 
observed height in the STM, the electron tunneling decay constant, β, for the porphyrin 
thiol can be estimated using a two layer tunnel junction model73,121,122 assuming that the 
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contact conductance between the two molecules is essentially equivalent.  Based on this 
assumption, the decay constant for the porphyrin thiol can be estimated from the 
apparent height difference as follows: 
 
porSTMDDTDDT hhhh /)]([ δδαββ −−= , 
 
where βDDT is the tunneling decay constant for dodecanethiol (1.2 Å-1), hDDT is the 
physical thickness of the dodecanethiol layer (~ 14 Å, based on a molecular tilt angle of 
30o), α is the decay constant between the tip and molecule in vacuum, (~ 2.3 Å-1), δhSTM 
is the apparent height difference determined by STM, and δh is the height difference 
deduced by the AFM topographic data, hpor is the physical height of the porphyrin thiol 
as deduced by AFM and FTIR measurements.  Utilizing this formalism, the tunneling 
constant β for the porphyrin thiol was estimated to be ~ 1.4 Å-1.  This β value is 
consistent with current-voltage (I-V) spectroscopy measurements (Figure 3.8) of the 
dodecanethiol SAM compared to the inserted porphyrins, which show similar current 
values over the range of bias probed from (-2 V to +2 V) despite the conjugated nature 
of the porphyrin moiety and the potentially low injection barrier as suggested from DFT 
calculations, which places the HOMO ~ 0.2 eV below the Fermi level for Au (~ 6.1 eV).  
This high β value suggests that the tunneling in this molecule is ultimately dominated by 
the alkyl tether which binds the molecule to the surface, which has been seen previously 
for other systems,122 and is consistent with the alkyl tether decoupling the macrocycle 
from the surface, as has been seen for napthyl compounds by 2-photon photoemission.123 
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There is also likely a contribution from the lack of orbital overlap between the porphyrin 
macrocycle and the alkyl tether due to the orientation of the tetrafluorophenyl ring 
coupling the two and we are in the process of systematically investigating how changing 
the chemistry and orientation of the phenyl ring influences the conduction properties. 
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Figure 3.8. I-V spectra (averaged from 50 curves each) for the (A) dodecanethiol 
matrix, (B) small (~ 2 nm) porphyrin domains and (C, D) large (> 6 nm) porphyrin 
domains. 
 
Current-voltage (I-V) curves from the small (ca. 2 nm) and large (~ 6 nm) 
domains show some distinct differences (Figure 3.8). The single molecules show a 
roughly symmetric I-V curve, as compared to that of dodecanethiol, with an upturn in 
current flow around -1 V and + 1.5 V.  When examining the I-V curves for the larger 
aggregates (Figure 3.8C and 3.8D), the upturn in current appears nearly symmetrically at 
± 1 V.  Moreover, two families of I-V curves appear, one with a distinct current 
blockade and one without.  This may be due to local intermolecular interactions shifting 
the HOMO-LUMO levels as is typically observed during the formation of H and J 
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aggregates for porphyrins.   
In addition to their relatively low conductance, the inserted porphyrins show the 
phenomenon of stochastic switching71,124-126 whereby the molecules in the “ON” state 
exhibit several Å’s of apparent height protrusion relative to the surrounding alkanethiol 
matrix, while the “OFF” state shows little to no contrast from the host matrix (Figure 
3.9).  Such “ON/OFF” conductivity switch-like behavior has been explored both 
theoretically and experimentally to be associated with orientation changes of the 
molecules,127,128 interactions among neighboring molecules,129 reduction of functional 
groups,130 bond-fluctuation,125,131 and changes in molecule-substrate bond 
hybridization.71,132  Weiss et al. has demonstrated how controlling the rigidity of the 
local matrix in which the molecules are implanted may be used to influence switching 
behavior arising from molecular orientation dynamics.126   
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Figure 3.9. Representative STM images for ON and OFF switching behavior of 
TPy3PF4-SC5SH.  The red arrows in (B) indicate the OFF conductance state switching 
from the ON conductance state in (A), while the blue arrows exhibit the ON state turning 
from the OFF state in (A).  Total measurement time = 8.2 minutes, 100 x 100 nm, Vbias 
= 1.4 V, Itunnel = 20 pA. 
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Unlike many previous examples, the switching behavior that we observe 
generally occurs only a few times for each molecule or cluster of molecules.  In fact, 
after extended periods of imaging a region, virtually no porphyrins are further observed 
within the scan area.  Upon expanding the scan area, clusters are again observed, but 
only outside the region that had been previously imaged.  This suggests that the 
molecules are either removed from the surface, chemically altered by oxidation or 
reduction, or that an irreversible conformational change has occurred that renders them 
undetectable by STM in their new conformation.  The redox pathway is unlikely because 
the first two oxidations and reductions of the porphyrin macrocycle are reversible under 
UHV conditions.  While the majority of the inserted molecules appear near defects in the 
SAM layer, even those that have been found in the center of well ordered domains show 
“switching” behavior.    As such, the dodecanethiol near the porphyrins may be more 
disordered than can be deduced simply from the STM images, due to the bulkiness of the 
macrocycle impeding imaging directly near the inserted molecules, and still enables 
local conformational changes in the inserted molecule. 
 
3.5. Summary 
 Tri-pyridyl porphyrin compounds have been attached to Au surfaces by a thiol 
tether, through a tetrafluorophenyl linker.  The use of the fluorinated linker provides a 
facile means of attachment to any dithiol tether.  When inserted into a background 
matrix of dodecanethiol, the porphyrins are observed to tend to bind near the edges of 
defects within the alkanethiol layer as either single molecules or small ensembles (ca. 3-
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5 molecules).  Based on the apparent height of the molecules relative to the 
dodecanethiol matrix, the tunneling efficiency was found to be low, similar to that of a 
simple alkanethiol which is considered a molecular insulator.  From DFT calculations, 
the low tunneling efficiency can be attributed to the lack of effective orbital overlap 
between the frontier orbitals of the porphyrin macrocycle and the thiol tether due to the 
orthogonal dihedral angle between the porphyrin ring and the perfluorophenyl linking 
group.  In addition to the electronic effects on the phenyl ring, the 2,6 fluoro moieties 
increase the rotation barrier and diminish the dynamics of the aryl – porphyrin bond.  
Thus, this group introduces an effective tunneling barrier directly within the molecule 
reducing the tunneling efficiency, despite of the close proximity of the HOMO of the 
molecule to the Au Fermi level.  Future studies will examine how selective removal of 
the fluorine groups from the tether can be used to tune the tunneling properties by both 
electronic and steric interactions.  Also, once attached to the surface, additional 
porphyrin rings will also be coordinated to this compound via metal-ligand coordination 
to create energy harvesting structures.   
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CHAPTER IV 
SOLUTION ENHANCED NANOPATTERNING OF GAAS BY SCANNING PROBE 
LITHOGRAPHY 
 
4.1. Synopsis 
Scanning probe lithography has been employed to pattern GaAs(100) surfaces in 
aqueous solution conditions via enhanced chemical etching and with directed assembly 
of alkylthiols. By varying the applied loads on the cantilever/tip and selecting solutions 
with varying pH from 3 to 11, nanowells with depths from a few nm up to 100’s of nm 
can be formed.  Using nanoshaving and nanografting approaches, thiolate monolayers 
self-assembled on the GaAs(100) surface can also be patterned. These approaches can be 
applied to the directed fabrication of nanoscale electronic and optical architectures using 
scanning probe methods. 
 
4.2. Introduction 
Due to its wide application in opto-electronic and photonic devices, and its 
arising interest in plasmonic devices, it is becoming extremely important to pattern GaAs 
surface on the nanometer scale with precisely controlled size, geometry, and depth. A 
variety of techniques have been employed to pattern GaAs surface. Focused-ion beam 
(FIB) has been widely used to pattern semiconductors, like Si and GaAs surfaces. 
However, this technique is generally a destructive method to generate patterns directly 
on the surface with small lateral dimensions;133 and the major concern is the sputtered 
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material redeposition and incident ion beam contamination occurred during FIB 
patterning.134  Though FIB-assisted Cl2 etching has been proved to be a useful maskless 
technique for patterning GaAs,135,136 the optical and electrical properties can also be 
severely degraded by the ion-induced damage during etching.137,138  Furthermore, ions 
with kinetic energy of only a few hundred eV can introduce damage up to hundreds of 
nm deep into the surface.139,140  Thiols self-assembled on GaAs surface, especially those 
long chain monolayers, exhibit highly oriented, uniformly densely packed, robust, and 
protective structures, as being recently characterized by X-ray photoelectron 
spectroscopy (XPS),141 attenuated total reflection Fourier-transform Infrared 
spectroscopy (ATR-FTIR),142 atomic force microscopy (AFM), IR and near edge X-ray 
absorption fine structure (NEXAFS).143 Furthermore, it has been reported that SAMs can 
be degraded and patterned by ultraviolet (UV) light, and therefore can be utilized as a 
lithographic template.144 Therefore, despite the fact that thiols self-assembled on GaAs is 
nearly 2 orders of magnitude slower than on Au,143  octadecanethiol (ODT) film has 
been utilized as a sensitive self-developing positive resist and a durable masking layer 
for chemical etching of GaAs, producing patterns with a depth of ~ 30 nm, where 
electron beam was employed instead of UV.145 Meanwhile, PDMS stamps have been 
employed to pattern GaAs surface with dithiol film followed by wet chemical etching to 
produce nanowells on this semiconductor surface.146 
Recently, scanning probed lithography has been applied to pattern various 
surfaces on the nanometer scale.147-152 With conductive tips, nanopatterns have been 
successfully created on different metal surfaces including GaAs by local 
 48
oxidation.147,150,152 The disadvantage is that the oxide patterns created by the conductive 
tip is often dependent on the environmental condition, for example humidity, and is less 
than 6 nm thick.150 Atomic force microscopy (AFM) has also been employed to directly 
write patterns on a GaSb mask of InSb semiconductive surface, followed by wet 
chemical etching.149 Though the mask layer can be removed by wet etching, the depth 
and width of the patterns transferred from the mask layer during wet etching depend on 
the etching chemicals and the etching time. Therefore, it is difficult to control the 
patterns dimensions. Conductive AFM lithography has previously been used to produce 
local oxide nanopatterns on GaAs surface in air; by removing the oxide, nanowells were 
produced on the GaAs surface.151 In the mean time, cantilever oscillation of AFM has 
been employed to created nanopatterns on GaAs possessing a depth of less than 4 nm.148 
It is generally difficult to pattern samples by direct scratching using SPL technique, 
especially hard surfaces, because the applied load must exceed the threshold force. For 
example, a force higher than 100 nN is required to pattern GaSb surface results 
nanostructures ~ 5.0 nm deep.149 
 
4.3. Results and Discussion 
In this paper, we describe a very simple and convenient method to directly 
pattern GaAs(100) surface on the nanometer scale with scanned probe lithography (SPL) 
in aqueous solutions. By selecting solutions with different pH (DI, NH4OH, and HCl) 
and varying the applied loads, nanowells with controlled depth range from several nm to 
submicron can be created on GaAs surface. The patterning of thiol modified GaAs 
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surface will also be introduced, aiming to anchor metal nanostructures on GaAs surface 
to fabricate photonic, plasmonic, and molecular devices. As being reported, peptide 
molecules have been successfully patterned on GaAs surface with dip-pen 
nanolithography, exhibiting a crystalline-like and interchain hydrogen bonding 
structures.153 With the aid of dithiol molecules, the junction of Au-molecule-GaAs has 
been investigated.154,155 Meanwhile, gold nanopatterns have been created on dithiol 
modified GaAs using a PDMS stamp.156 The experiments were carried out with an AFM 
system (Molecular Imaging Pico, Phoenix AZ) with a SPM 1000 controller (RHK 
Technology, Troy MI). Prior to the experiments, GaAs sample was etched in NH4OH for 
3 minutes, rinsed in ethanol, and dried by nitrogen. Thiols were self-assembled on the 
freshly etched GaAs in 3mM octadecanethiol/dodecanethiol of ethanol solution for 24 
hours following procedures described in reference.143 Infrared spectrum showed that the 
films exhibit very well ordered structures (data not shown here). Si3N4 tip/cantilever 
assemblies possessing a typical spring constant of 0.5 N/m were conducted in these 
experiments. 
As the Si3N4 tip scanned on GaAs surface with an applied load, the tribochemical 
process induced local oxidation, and the oxide GaAs was then removed by the solution 
generating nanopatterns on the surface. After patterning, the surface was immediately 
imaged with the same tip at a force less than 10 nN. Fig. 4.1(a) and (b) demonstrate 
nanopatterns on GaAs substrate created with an applied load of 37.8 nN in NH4OH 
solution with a ph of 10 and 11 respectively. The spacing between each line during 
patterning is 1 nm, and the dimension of each pattern is 200 nm × 200 nm. The cross-
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sectional plots (Fig. 4.1(c) and (d)) across the GaAs surface show that the nanowells 
possess depth of ~ 13 nm and 43 nm, corresponding to ph of 10 and 11 respectively. 
Because the cone-shape tip and tip-surface convolution, all the nanowells exhibit narrow 
down structures. The nanowells created with a line spacing of 0.5 nm have also been 
investigated. Fig.4.2 shows nanowells produced in HCl and NH4OH solution possessing 
a pH of 3 and 10 respectively. Fig.4.3 illustrates the average depth of nanowells 
patterned on GaAs surface by SPL as a function of applied loads, in HCl, DI, and 
NH4OH solution with pH from 3, 6, to 10 and 11. Depth of nanostructures increases with 
the increasing load in the same solution. Overall, nanopatterns generated in NH4OH 
solution (pH 11) is much deeper than other solutions with the same applied load, while 
in DI water the depth nanowells is only several nm even at high load. The roughness of 
etched GaAs surface and SAMs on GaAs was measured by AFM as shown in Fig. 4.4. 
Nanopatterning of SAMs on GaAs in ethanl of two different pH values was perfomed as 
shown in Fig. 4.5, demonstrating that deeper nanostrcutures on thiol modified GaAs 
surface can be created under a basic solution. 
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Figure 4.1. The AFM images of the patterns created on GaAs surface in NH4OH with a 
pH of 10 (a) and 11 (b). The line spacing during scanning is 10 nm; (c) and (d) the cross-
sectional plots correspond to lines in (a) and (b) portray the nanostructures dimension 
and depth. 
 
 52
a
0
Distance (μm)
0.2 0.4 0.6 0.8 1.0 1.2 1.4
-12
-8
-4
0
4
H
ei
gh
t (
nm
)c
8 V 7 V 6 V
5 V 4 V 3 V
2 V 1 V 0 V
b
0
Distance (μm)
0.2 0.4 0.6 0.8 1.0 1.2 1.4
8
10
12
14
H
ei
gh
t (
nm
)d
8 V 7 V 6 V
5 V 4 V 3 V
2 V 1 V 0 V
 
 
Figure 4.2. The AFM images of the patterns created on GaAs surface in HCl and 
NH4OH with a pH of 3 (a) and 10 (b), respectively. The line spacing during scanning is 
5 nm; and their corresponding cross-sectional plots (c) and (d). 
 
 
 
Figure 4.3. The averaged depth of nanopatterns created on GaAs surface by SPL in 
different solutions as a function of applied loads, at a line spacing of 10 nm. 
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Figure 4.4. The AFM images of an etched GaAs surface (a) and SAMs on GaAs (b) 
with rms surface roughness of 1.09 nm and 1.05 nm respectively. 
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Figure 4.5. Nanopatterns created on SAMs/GaAS (a) in ethanol at an applied load of 
37.8 nN, and (b) in ethanol with 5 mM NH4OH at an applied load of 12.6 nN; and their 
corresponding cross-sectional plots (c) and (d) demonstrate that adding 5 mM NH4OH 
produced much deeper nanowells on thiol modified surface even at low loads. 
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4.4. Summary 
In summary, directly patterning of GaAs by SPL in aqueous solution was 
introduced, and the depth of the nanowells depends strongly on the applied load, the ph 
of the aqueous solution, and the line spacing during the scanning. This dependence is 
attributed to the tribochemical process, i.e. local oxidation, occurred between the 
scanned tip and GaAs surface.  Nanopatterns with depth ranging from several nm to 
submicron have been successfully patterned on GaAs surface. 
 55
CHAPTER V 
USING PATTERNED ARRAYS OF METAL NANOPARTICLES TO PROBE 
PLASMON ENHANCED LUMINESCENCE OF CDSE QUANTUM DOTS 
 
5.1. Synopsis 
Here we present a simple platform for probing plasmon enhanced 
photoluminescence (PL) of quantum dots by confocal microscopy.  In this study, self-
assembled monolayers of silane-derivative molecules were patterned onto the oxidized 
GaAs surfaces to direct the attachment of Au or Ag nanoparticles onto the surface.  
Following the directed binding of metal nanoparticles (MNPs), a layer-by-layer 
deposition of oppositely charged polymers was used to create films with varying 
thickness by controlling the numbers of deposited layers.  CdSe quantum dots (QDs) of 
~ 4 nm and 6.5 nm in diameter with 16-mercaptohexadecanoic acid as a surfactant were 
then adsorbed onto the outermost polymer layer via electrostatic interactions.  Using  
confocal fluorescence microscopy, the enhanced PL from the CdSe over the Au or Ag 
nanoparticle patterns could be imaged directly and scaled against the regions with no Au 
or Ag nanoparticles, and the luminescence of the GaAs (as an internal standard) for 
different CdSe-metal separations.  By using a pattern, PL enhancement as a function of 
particle-CdSe spacing can be readily probed all on a single platform, where the QDs 
over MNPs and not over MNPs can be directly compared in the same dielectric 
environment.  The observed luminescence as a function of metal-QD separation can be 
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readily fit to a combined model of metal-fluorophore fluorescence quenching and local 
electric field enhancement.  
 
5.2. Introduction 
It is well known that the local surface plasmon resonance (LSRP) of MNPs can 
be excited when the particles are optically irradiated.  The energy of the surface plasmon 
resonance is found to be dependent on the size, shape, composition, and organization of 
the metal nanostructure.  As the LSPR of MNPs is found to change in response to the 
dielectric environment surrounding the particles, shifts in the peak position of the LSPR 
can be followed as a means of detection of analytes.157,158  Enhancement in the Raman 
scattering of molecules in the proximity of MNPs have also been reported, which gives 
rise to surface enhanced Raman spectra (SERS) for which detection of signals down to 
the single molecule level have been reported.159,160  Related to this, it has been observed 
that the photoluminescence intensity of quantum dots (QDs) and quantum wells (QWs) 
can also be enhanced by the electromagnetic coupling with metal surface plasmons.161-
167  Time-resolved spectroscopic studies of QD and QW structures coupled to MNPs 
have shown that the radiative decay rate, absorption cross section, and quantum 
efficiencies of luminescence generally increase in the presence of metal nanostructures 
due to the increased local electric field surrounding the irradiated metal structures.  For 
example, Atwater and co-workers have shown that for Si nanocrystals coupled with a 
rough Au film, that the quantum efficiency for luminescence could be increased by ca. 
60%.165  The extent of the enhancement that can be achieved by coupling of QDs to 
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metal nanostructures or rough films, strongly depends on the proximity of the QDs to the 
metal structure, and has been shown to decay exponentially with increasing distance 
between the two.  By bringing QDs closer to the metal, their photoluminescence can be 
enhanced by the locally increased electric field.  However, if the QDs are too close to the 
MNP, quenching of the photoluminescence is observed.  As such, a maximum in 
photoluminescence enhancement is found to occur at an optimal separation depending 
on the competitive effects of the distance dependence of the electric field and the 
quenching efficiency.  In addition to QD-particle separation, the structure and type of 
metal particles used (e.g. Ag, Au), polarization of the incident light and the laser power 
have all been found to influence the extent of plasmon enhanced photoluminescence.  
The ability to quantitatively determine the extent of photoluminescence enhancement as 
a function of QD-metal separation however can be challenging as artifacts such as 
scattering differences between samples, variations in laser intensity and differences in 
dielectric medium, can make scaling the luminescence intensities of coupled and non-
coupled quantum dots difficult to evaluate.   
In this chapter we present a simple platform in which the coupling of CdSe 
quantum dots with Au or Ag nanoparticles has been quantitatively measured.  To 
address some of the above mentioned challenges, we have positioned single layers of 
quantum dots on top of arrays of the desired metal nanostructure positioned in a grid 
pattern, in which the separation between the two was controlled with a polymer spacer 
formed using layer-by-layer assembly.  This simple approach yields a patterned structure 
in which the photoluminescence of the QDs above the metal patterns may be directly 
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scaled against those not above the metal pattern by imaging the structure with confocal 
fluorescence microscopy.  Additionally as this structure is built on a GaAs(100) single 
crystal, the inherent luminescence of the GaAs offers the means of scaling each 
measurement from sample to sample, aiding in eliminating effects of scattering or 
variations in laser intensity.  From these studies we have shown that this simple platform 
can be readily made using chemical self-assembly approaches and adapted to various 
materials.  Here we report two initial studies of the coupling of CdSe quantum dots of ca. 
4 nm and 6.5 nm in diameter, with Au nanoparticles and Ag nanoprisms respectively, as 
a function of metal-QD separation. 
 
5.3. Experimental Details 
Preparation of Silane Monolayers.  Single side polished GaAs(100) substrates 
(AXT, 400 μm, Si-doped, University Wafer, Inc., Boston, MA) were etched and cleaned 
following the procedures described previously by Jun et al. to remove the native oxide 
using dilute acid and base solutions.168  Briefly, the GaAs samples were immersed into 
1:20 NH4OH/H2O solution for 1 min and then rinsed liberally with high purity (18.2 
MΩ•cm) water (NANOpure Diamond, Barnstead), followed by ethanol.  The GaAs 
substrates were immediately immersed into a 1:10 HCl/ethanol solution for 1 min.  The 
substrates were subsequently rinsed with copious ethanol, blown dry with streaming 
nitrogen, and treated with UV/ozone for 20 min to make a fresh oxide layer on the GaAs 
surfaces.  Self-assembled monolayers (SAMs) of 3-aminopropyltriethoxylsilane (APTES, 
purchased from Gelest, Inc.) were formed by immersion of the freshly oxidized GaAs 
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substrates in 5 mM APTES in ethanol for 12 h.  After being taken out from the solution 
of APTES, the SAM-modified substrates were rinsed with ethanol and blown dry under 
a nitrogen stream in preparation for patterning. 
 
X-ray Photoelectron Spectroscopy.  To evaluate the surface chemistry XPS data 
were acquired with a Kratos Axis ULTRA X-ray photoelectron spectrometer equipped 
with a 165 mm hemispherical electron energy analyzer.  The incident radiation was the 
MgKα X-ray line (1253.6 eV) with a source power of 180 W (15 kV, 12 mA).  The 
analysis chamber was maintained at a steady base pressure of < 6 × 10-9 Torr during 
sample analysis.  Survey scans of up to 1100 eV were carried out at an analyzer pass 
energy of 160 eV with 1.0 eV steps and a dwell time of 300 ms.  Multiplexed high 
resolution scans of the Ga(3d), C(1s), As(3d), and N(1s) regions were taken at a pass 
energy of 40 eV with 0.1 eV steps and a dwell time of 60 ms.  The survey and high 
resolution spectra were obtained with averages of 5 and 50 scans, respectively.  The 
C(1s) peak at 284.8 eV was set as a reference for all XPS peak positions to compensate 
for energy shifts due to the spectrometer work function. 
 
Synthesis of CdSe QDs.  Trioctylphosphine oxide (TOPO)-passivated CdSe 
spherical nanocrystals were synthesized from well-established solvothermal 
methods.169,170 250 mg of CdO with 2.85 g hexadecylamine, 1.15 g TOPO and 1.09 g 
tetradecylphosphic acid were degassed under reduced pressure at 110 ºC for one hour. 
Then, under nitrogen, the solution was heated to 300 ºC until it became optically clear.  
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0.5 g tri-n-butylphosphine (TBP) was injected and the temperature was reduced to 260 
ºC. 0.8 g of a 10% by weight Se powder in TBP solution was then quickly injected. 
When the desired size was reached, the flask was cooled down to 60 ºC and 10 g of 
nonanoic acid was added. Methanol was used to clean the solution and the nanocrystals 
were subsequently resuspended in toluene. Cleaning with methanol was repeated three 
times. Exchange of surfactant group from TOPO to water- soluble group was performed 
as follows.171 First, 20 mg of 16-mercaptohexadecanoic acid (16-MHA) was dissolved in 
15mL of methanol. The pH of the solution was adjusted to 10-11 using 
tetramethylammonium hydroxide and 20 mg of CdSe nanocrystals were added to this 
solution. The mixture was refluxed under nitrogen atmosphere for 6 hours. To clean the 
nanocrystals, a mixture of ethyl acetate and ether was used to precipitate the particles 
which could then be resuspended in methanol. Subsequent cleanings used only ethyl 
acetate to precipitate the particles.  After the final cleaning, the 16-MHA-passivated 
CdSe were resuspended in water.  The particle size was determined by TEM (Figure 5.1) 
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Figure 5.1. TEM images of (A) 4 nm and (B) 6.5 nm CdSe QDs. 
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Synthesis of Gold and Silver Nanoparticles.  Two types of particles were 
investigated in this study, Au nanoparticles and Ag nanoprisms.  Au nanoparticles were 
prepared by reducing HAuCl4 (Alfa Aesar, 99.99% purity) with sodium citrate.172  The 
size of the citrate-stabilized gold NPs was determined to be ~18 nm in diameter based on 
by the maximum surface plasmon absorbance in the UV-visible spectra (USB-ISS-
UV/Vis, Ocean Optics Inc.) at 523 nm. AFM images of isolated Au particles also 
confirmed the size to be 18 ± 2 nm.  The Ag nanoprisms, were synthesized by first 
creating spherical silver NPs by the reduction of AgNO3 (Sigma, 99+% purity) with 
NaBH4 in an ice bath.173  Here, 1 mL of 10 mM AgNO3 in water was injected into 99 
mL of 1 mM NaBH4 and 0.3 mM sodium citrate aqueous solution.  The color of this 
mixed solution turned to yellow immediately (Figure 5.2A) and was kept stirring in an 
ice bath for 30 min.  The photochemical shape conversion of spherical Ag NPs into flat 
nanoprisms was carried out by exposure to a white fluorescent lamp (15 W) for ~72 h 
with a sample-source distance of ~ 5 cm.  The color of the Ag NPs solution changed 
from yellow to green (Figure 5.2A) gradually during the period of illumination.  The 
average edge length and thickness of triangular Ag nanoprisms measured by TEM (vide 
infra) were 100 ± 20 nm and 12 ± 3 nm, respectively (Figure 5.2C).  Approximately 
50% of the Ag nanoparticles were found to be completely converted to nanoprisms. 
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Figure 5.2. (A) Photographs of Ag nanosphere (left) and nanoprism (right) solutions and 
(B) their corresponding absorption spectra displayed in yellow and green line, 
respectively.  (C) TEM image of photoinduced Ag nanoprisms.  The inserts show the 
electron diffraction analysis and enlarged view of single Ag nanoprism. 
 
Patterning of Metal Nanoparticles.  There are very few methods available to 
pattern MNPs on GaAs surfaces, despite that on other metal or semiconductor surfaces, 
many approaches for the micro- and nano-fabrication techniques of spatially organized 
patterns including metal nanostructures,174-178 proteins/DNA,21-25 organic molecules,26-28 
and organic semiconductor179,180 have been developed such as photolithography,33,34 
microcontact printing,35,36 direct evaporation,37 scanning probe lithography,38,39,181 
electron-beam lithography,41,42 paylene-based lift-off method,43 focused ion beam 
lithography,44 and nanoimprinting45.  The reason comes from the strong propensity 
towards oxidization10,182 of bare GaAs surfaces after a few days in ambient atmosphere 
makes this topic difficult to deal with. 
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For patterning linker molecules on GaAs surface, oganosulfur and oganosilane 
molecules were considered in our system.  Recently, there have been a number of reports 
of successfully growing oganosulfur molecules on GaAs surface by removing the native 
oxide layer using base and/or acid prior to modification.12-14  However, this strategy has 
some drawbacks. Firstly, the fabrication of thiol SAMs on GaAs needs the preparation 
procedures in anaerobic environment such as anhydrous/degassed solvents and a 
nitrogen or argon purged glovebox in order to generate high quality and good 
reproducibility of SAMs with maximum degree of arrangement.  Secondly, it has also 
been reported that alkanethiols self-assembled rate on GaAs is nearly 2 orders of 
magnitude slower than on Au, for example, only ~80% coverage was reached after 12 h 
for the octadecanethiol/GaAs SAMs.183  Thirdly, the patterning of thiol self-assembled 
monolayers (SAMs) suffers from challenges owing to their susceptibility to exchange 
with solute thiols, easy oxidation, and slow adsorption rate.  The significant instability of 
these protective molecules resulted from the gradually oxidative degradation by the 
penetration of water molecules or oxygen adsorption to the etched GaAs surfaces was 
observed after couple weeks of air exposure13  These disadvantages make thiol SAMs 
undesirable for GaAs electronic passivation.  
The alternative method is to introduce a fresh thin oxide layer as a binding layer 
onto GaAs surfaces by exposing the substrate to UV-ozone or oxygen plasma after base 
and acid treatment.  There have been only a few reports focusing on using this oxide 
layer on GaAs substrates.18-20  Here, instead of using thiol molecules, we have 
demonstrated that the patterning of silane monolayers on oxidized GaAs substrate can be 
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easily achieved through UV photolithography by taking the advantage of strong Si-O-
Ga/As and Si-O-Si bonds.  By using this protocol, we are able to position and attach Au 
or Ag nanoparticles (NPs) onto GaAs surfaces with predetermined patterns using 
organosilane molecules as the linkers.  First, the pristine GaAs wafers were cleaned with 
dilute NH4OH and HCl to remove the native oxidation layer and surface contamination.  
Then the GaAs substrates were exposed to UV/ozone for 20 min to produce a fresh 
oxide layer.  Formation of OTMS and APTES SAMs were carried out by simply 
immersing the pretreated GaAs substrates into APTES or OTMS solutions for couple 
hours.  In addition to OTMS and APTES, we found that other precursor molecules with 
(m)ethoxysilane terminal group, including octadecyltrimethoxysilane, (3-
mercaptopropyl)trimethoxysilane, 2-(4-pyridylethyl)triethoxysilane and (3-
triethoxylsilylpropyl)4,5-dihydroimidazole, can also be modified onto oxidized GaAs 
surfaces using the same method.  Interestingly, for precursor molecules with chlorosilane 
terminal group such as octadecyltricholrosilane, which is a good SAM precursor for Si 
surfaces, very poor quality of SAMs were formed on oxidized GaAs surface.  A possible 
explanation for this is that the HCl generated during chrolosilane based SAMs 
formation184 will etch the GaAs surfaces and thus prevent forming high quality 
monolayers. 
Briefly, the synthesized MNPs were bound to an oxidized GaAs surface by 
attachment to a patterned layer of APTES on the surface (vide supra).  Patterned arrays 
of the APTES SAMs were created on the oxidized GaAs surface by photolithography.  
Here, a grid pattern was generated on the GaAs surface using a TEM grid (T2000-Cu, 
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Electron Microscopy Inc.) as a shadow mask.  The TEM grid was placed on top of the 
APTES-modified GaAs and the mask/substrate framework was exposed to UV/ozone 
(λem = 185 nm and 254 nm) at a distance of ~ 1 cm away from the sample for 15 min.  
After selective photo-oxidation of the APTES SAM, the TEM grid was removed from 
the surface and the substrate was rinsed with ethanol and then immersed into a 5 mM 
solution of n-octadecyltrimethoxysilane (OTMS) in toluene for 4 h, allowing the OTMS 
SAM to grow and fill in the exposed GaAs regions.  This resulted in a patterned array of 
hydrophobic and hydrophilic regions on the surface.  After patterning, the surfaces were 
rinsed in sequence with toluene, ethanol, and water, followed by soaked in one of the 
citrate-stabilized Au or Ag nanoparticle solutions for 12 h to allow for attachment of the 
MNPs onto APTES SAMs by electrostatic attraction.  Following nanoparticle 
attachment, the samples were rinsed copiously with water to remove any Au or Ag NPs 
non-specifically bound to the hydrophobic regions of the surface. 
 
Layer-by-layer Deposition of Polymers.  To control separation distance between 
the patterned MNPs and the CdSe, a polymer spacer formed by layer-by-layer assembly 
was used.  Here, a positively charged polymer solution was prepared by adding 0.5 M 
NaCl to an aqueous 5 μL/mL poly(diallyldimethylammonium chloride) (PDADMAC) 
(Aldrich, 20 wt. % in water, Mw 100,000-200,000) solution.  For the negatively charged 
polymer solution, an aqueous solution of 1mg/mL poly(sodium 4-styrenesulfonate) (PSS) 
(Aldrich, Mw 70,000) containing 0.5 M NaCl was prepared.  To create different 
thicknesses of polymer layers, the patterned metal arrays on GaAs (carrying net negative 
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charge) were immersed into the PDADMAC solution for 30 min to allow for full 
adsorption of a single layer.  The substrate was then rinsed liberally with water and 
followed by dipping into the PSS solution for the second layer polymer adsorption.  For 
multilayer deposition, this cycle was repeated, with the outermost layer always 
terminating in a positive layer of PDADMAC to allow for the further attachment of 
negatively charged 16-mercaptohexadecanoic acid terminated CdSe QDs. 
 
Sample Imaging.  AFM images were acquired with a combined confocal 
fluorescence/atomic force microscope (WITec Alpha300 R, Germany) under ambient 
conditions (24 ± 2 oC).  All AFM images were acquired in tapping mode using 
commercially available aluminum-coated silicon AFM tips from Nanoscience 
Instrument (Phoenix, AZ) with nominal tip radii of less than 10 nm and nominal spring 
constants of 48 N/m.  Images were acquired at a resolution of 512 x 512 lines at a scan 
rate of ~1 Hz.  The photoluminescence spectra were collected using an Ar ion laser at 
488 nm (~70 μW/μm2) as the excitation source with a typical integration time of 36 
ms/pixel.  A Nikon 100x (0.9 NA) objective was utilized for imaging and spectral data 
acquisition and the laser was focused to a spot size of ~1 μm2.  The spectral data were 
acquired with an Acton triple grating spectrometer with an Andor Peltier cooled (-66 oC) 
CCD detector.  High resolution images are obtained by integrating the complete 
photoluminescence spectra for the given region of interest (500-650 nm for the 4 nm 
CdSe QDs, 550-700 nm for the 6.5 nm CdSe QDs and 750 – 900 nm for the GaAs) at 
each image pixel (typically 200 x 200 pixels per image).  Scanning Electron Microscopy 
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(SEM) images were obtained with a Joel 6400 SEM under vacuum.  All samples for 
SEM imaging were modified by Au sputtering to increase the conductivity and decrease 
the effects of charging.  Transmission electron micrographs (TEM) of the synthesized 
CdSe nanoparticles were acquired using a JEOL 2010 transmission electron microscope 
at an acceleration voltage of 200 kV. Samples were prepared using copper grids from 
Ted Pella. A drop of CdSe solution, in toluene, was dropped onto the grid and allowed to 
evaporate at room temperature. 
 
5.4. Results and Discussion 
Formation of Au or Ag Arrays on GaAs. In order to directly compare the effects 
of metal nanoparticles on the photoluminescence of QDs, we created a patterned array of 
metal nanoparticles on a GaAs substrate by directing attachment of the metal particles to 
the surface with an amine terminated self-assembled monolayer. This patterned layer 
could then be covered by a polymer spacer layer of varying thickness through layer-by-
layer assembly and then coated with a single layer of quantum dots.  Using this approach 
the ratio of the photoluminescence intensities from the QDs over the metal particles 
could be directly scaled against the regions without metal particles in a single 
photoluminescence image.  Figure 5.3 illustrates our method of selectively patterning Au 
or Ag nanoparticles (NPs) on the GaAs surface.  While several approaches were tried 
(vide supra), ultimately the attachment of alkoxysilane SAMs on the oxidized GaAs 
surface yielded the best results in terms of film stability and metal particle attachment 
density. 
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Figure 5.3. Schematic diagram of patterning metal NPs on GaAs.  GaAs substrates are 
first cleaned and oxidized (A), and then modified with an APTES SAM (B).  A Cu TEM 
grid is placed on top of SAM-functionalized GaAs surface and exposed to the UV-
Ozone for 20 min, leaving an APTES SAM in the unexposed regions (C).  After 
removing the grid, the GaAs surfaces are immersed in OTMS solutions for 4 h to 
backfill the excavated area (D).  The substrates are next soaked in the desired citrate 
stabilized Au or Ag NPs aqueous solution where they attach to the amine terminated 
regions of the surface (E). 
 
To form the patterned metal grid structure, the cleaned and oxidized GaAs 
surface was first coated with a uniform SAM of the aminopropyltriethoxysilane (APTES) 
(Figure 5.3B).  Following APTES assembly, a Cu TEM grid was placed in conformal 
contact with the GaAs substrate to function as shadow mask, and then the sample was 
then exposed to UV/ozone to photo-oxidize the uncovered portions of the SAM layer 
(Figure 5.3C).  Following rinsing, the oxidized SAM was removed and now the 
uncovered GaAs regions were then backfilled with an octadecyltrimethoxysilane (OTMS) 
SAM resulting in a patterned array of hydrophilic and hydrophobic regions on the 
surface (Figure 5.3D).  Finally, the sample was immersed in the desired solution of Au 
or Ag NPs (ca. pH 7) to allow for the citrate stabilized NPs to attach onto the amine rich 
regions by electrostatic interaction (Figure 5.3E).  A few nanoparticles were found to 
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attach to the OTMS regions, but those that did were weakly bound and could be readily 
rinsed away. 
As the assembly process was carried out in water, the stability of the SAM is of 
the utmost importance.  To confirm the high quality and stability of the silane SAMs 
formed using this method, Fourier transform infrared reflection absorption spectroscopy 
(FT-IRAS) measurements were obtained for OTMS SAMs and XPS experiments were 
performed for the APTES SAMs on the oxidized GaAs surface.  The FTIR spectra of 
OTMS sample showed that the νas(CH2) asymmetric stretch was centered around 2917 
cm-1 (data not shown), which is characteristic of well ordered crystalline-like silane 
SAM.185,186  After 8 months of air exposure, the OTMS SAMs were observed to exhibit 
no observable signal decrease for both ν(CH2) and ν(CH3) stretch modes and the νas(CH2) 
asymmetric stretch was maintained at ca. 2917 cm-1.  As compared to SAMs of 
octadecanethiol on GaAs, which we also explored for this patterning purpose (vide 
supra), these films demonstrated much greater stability, as the octadecanethiol/GaAs 
SAMs were found to degrade within a couple of weeks under ambient conditions.  For 
the APTES SAMs, a representative survey spectrum of XPS is shown in Figure 5.4, 
confirms the presence of the APTES SAM on the oxidized GaAs surface.  High-
resolution spectra of the C(1s), N(1s), and Ga(3d) regions show peak binding energies of 
284.8 ± 0.1 eV, 399.0 ± 0.1 eV and 20.5 ± 0.1 eV, respectively, while the high-
resolution As(3d) signal can be separated into two peaks at 44.8 ± 0.1 eV for As oxides 
and 42.2 ± 0.1 eV corresponding to GaAs bulk.  The XPS data also indicates that a fresh 
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oxidation layer was readily introduced by UV/ozone and the APTES monolayers were 
successfully grown on these surfaces. 
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Figure 5.4. X-ray photoelectron survey and high-resolution spectra for APTES 
monolayers on GaAs (100).  The high-resolution spectra show the Ga(3d), As(3d), 
N(1s), and C(1s) spectral regions which show that the surface is first oxidized and then 
covered by the APTES SAM. 
 
Following particle attachment, the resulting grid structures were examined by 
AFM.  Topographic AFM images of the patterned Au arrays on GaAs are shown in 
Figure 5.5A-D.  The cross-sectional profile (Figure 5.5B) reveals that the average height 
of the Au array is 18 ± 2 nm which is consistent with the size of a single-layer Au NPs, 
suggesting that the interparticle repulsive force due to the citrate stabilizer was sufficient 
to prevent the physical adsorption of a second layer of Au NPs.  Similar results were also 
observed for Ag-nanoprism patterns as presented in Figure 5.5E-H, in which the cross-
sectional analysis shows the average height of ~ 120 nm in accordance with the edge-
length of a silver nanoprism, suggesting the Ag nanoprisms stand up face by face rather 
than lie down flat and stack on the surface.  As mentioned above, the gold nanoparticles 
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were found to exhibit an absorption maximum at ~ 523 nm, which suggests that the 
average size is ~18 nm in diameter.187  The silver nanoprisms of 100 ± 20 nm in edge-
length which were synthesized from small Ag nanospheres following the reported 
photoinduced transformation method188 have two broad absorption peaks around 450 nm 
and 670 nm.  The extinction spectra of each however were found to be modified after 
deposition onto the substrate (determined from deposition on APTES modified glass 
coverslips) showing the emergence of an extinction peak at 660 nm for gold NPs and the 
broadening of silver-NP plasmon peak at higher wavelength.  These effects can be 
ascribed to interparticle coupling and/or disorder of the NP films (Figure 5.6).189,190  
These interparticle coupling effects will impact the PL enhancement of QDs based on 
the degree of spectral overlap as has been reported previously.164,191,192 
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Figure 5.5. Topographic AFM images of the Au and Ag patterned metal nanoparticle 
arrays on GaAs(100).  Au-NP patterns: (A) 70 x 70 μm and (B) its corresponding cross-
sectional plot (blue line) showing that a single layer of particles is bound to the surface, 
(C) 20 x 20 μm, and (D) 10 x 10 μm.  Ag-NP patterns: (E) 50 x 50 μm and (F) its 
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corresponding cross-sectional plot (blue line).  (G) SEM image (10 x 10 μm) of the Ag 
film, and a (H) 3-D topographical plot showing the waffle like structure of the thick Ag 
film which corresponds in thickness to the long axis of the Ag nanotriangles used. 
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Figure 5.6. UV-visible spectra of Ag NPs (solid black line) and Au NPs (solid red line) 
on APTES-modified glass with 5 layers of PSS:PDADMAC; and photoluminescence of 
6.5 nm CdSe (dash black line) and 4 nm CdSe (dash red line) nanocrystals on top of  5 
layers of PSS:PDADMAC. 
 
Controlling CdSe-Metal Distance. Previous work by Kulakovich et al. has shown 
that layer-by-layer polymer assembly can be used to provide a controllable spacing layer 
for QD-metal films.  Here we have adapted this approach to our patterned array to also 
control separation and test our platform against a known system (CdSe-Au).163 
Following creation of the metal grid structure, the CdSe quantum dots of the desired size 
were then attached at controlled distances from the metal pattern using layer-by-layer 
polymer assembly.  Here, alternating layers of poly(diallyldimethylammonium chloride) 
(PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS) were put on the surface in 
order to build up films of controlled thickness.  This began with a positively charged 
layer of PDADMAC, followed by the negatively charged PSS layer.  Terminating with 
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an additional PDADMAC layer yields a surface with a net positive charge, onto which 
our 16-MHA terminated CdSe particles (which carry a net negative charge at the 
assembly pH) could then be bound electrostatically (Figure 5.7A).  Importantly, these 
polymer layers have no optical absorption in the visible region of the spectrum and have 
not been observed to quench QD emission.163  Although the thickness dependence of 
these different polyelectrolyte layers has been well determined previously193 for 
deposition on surfaces such as polystyrene particles, it is likely that this will dramatically 
vary from surface to surface.  As such, to accurately determine the polymer film 
thickness, in our patterned arrays, a background thickness (D1) was determined by 
tapping-mode AFM after slightly scratching through assembled polymer films with 
varying numbers of layers on the oxidized GaAs surface (Figure 5.7).  Extending this to 
the patterned grid such as for the Au-NP system, illustrated in Figure 5.7A, once the 
value of D1 is determined, the thickness of polymer thin films above Au NPs, D, can be 
simply derived from the following relationship: 
1844 1 ++=++ DDH  (nm)                                            (1) 
where 4 nm is the average diameter of the CdSe QDs, 18 nm is the average diameter of 
the Au nanoparticles, and H is the height difference between the regions with and 
without Au NPs after coating of the polyelectrolyte spacers and CdSe QDs, as 
determined from the topographic AFM images (e.g. Figure 5.8A).  Plotting the value, D1, 
against different numbers of polymer layers (Figure 5.7C) shows a nonlinear increase in 
film thickness with the number of layers. 
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Figure 5.7. (A) Schematic cross-sectional view of the sample showing that polymers 
and 4 nm QDs were deposited onto Au-NP arrays on GaAs in sequence.  (B) AFM 
topographic image of different layers of polymers deposited on pure GaAs substrates 
without metal patterns which were removed by scratching.  (C) The polymer thickness 
on bare GaAs (D1) measured from AFM versus the number of polyelectrolyte layers. 
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Figure 5.8. (A) Topographic AFM image of CdSe QDs deposited on 19 layers of 
polymer over a Au-NP patterned GaAs surface.  The top-right inset magnifies a 10 x 10 
μm area.  (B) A representative emission spectrum from the film in panel A shows both 
the CdSe and GaAs emission at ca. 585 nm and 845 nm respectively.  (C) A false color 
photoluminescence image of 4 nm CdSe QDs above 9 layers of polymers on Au-NP 
patterned GaAs surfaces (the z-scale bar is from 7-23 a.u.).  The image is produced by 
integrating the spectral region for the CdSe from 500-650 nm.  (D) The cross-sectional 
plot corresponds to the white line in panel C, illustrating the relative photoluminescence 
enhancement. 
 
Photoluminescence Measurements. By using patterns of Au or Ag NPs on the 
GaAs surface, the environment of the CdSe QDs could be separated into two parts: 
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regions with and without NPs under the polymer spacer layer.  To measure the relative 
photoluminescence of the two regions, the sample was imaged using a confocal 
fluorescence microscope with an Ar ion laser at 488 nm as the excitation light.  The PL 
intensity of CdSe over the NPs could then be directly normalized to those of the adjacent 
CdSe without NPs.  Figure 5.8B shows a typical luminescence spectrum within this 
ensemble.  The peak around 585 nm originates from CdSe QDs and the peak around 845 
nm is from the GaAs background.  Although the PL intensity from the GaAs background 
should remain constant during each experiment, undesired fluctuations of laser power 
can occur from sample to sample.  Thus, by using GaAs as the support background, we 
could use the PL intensity from GaAs as a built-in reference to normalize the PL 
intensity of the QDs for each individual measurement.  A representative PL image 
plotted using the CdSe emission spectrum, integrated from 500-650 nm clearly shows 
that the luminescence of the QDs over the Au pattern is enhanced relative to the non-
metal containing regions (Figure 5.8C).  From the cursor profile (Figure 5.8D) it can be 
seen that in this case the QDs over the metal particles show nearly twice the intensity of 
those not over the metal. 
One challenge in quantifying the extent of the photoluminescence enhancement 
is that reflection or scattering of the laser source by the MNPs might re-excite the CdSe 
QDs and thus results in an artificial increase in CdSe PL.  To examine the possibility of 
this factor, the sample was scanned with a low laser power (70 nW/μm2) and a confocal 
scanning image was generated by collecting the 488 nm laser spectrum itself (Figure 
5.9A).  The results indicate that the gold NPs strongly absorb the laser light owing to 
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their broad absorption around 523 nm rather than reflect/scatter the laser light.  As 
shown in Figure 5.9B, the laser intensity above the regions of Au NPs (white spot) 
shows 48% lower intensity than that above the regions without Au NPs (red spot).  
Nevertheless, based on this, the relative absorption is insignificant and can be neglected 
when higher laser powers (ca. several tens of μW/μm2) are used for the PL 
measurements. Similar results for PL enhancement of CdSe QDs of 6.5 nm in diameter 
were observed on Ag-NP arrays (Figure 5.10). 
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Figure 5.9. (A) A confocal scanning microscopy image generated by collecting the 488 
nm laser line on 9 layers of polymers deposited upon Au-NP patterned GaAs surfaces 
(the z-scale bar is from 50-850 a.u.).  (B) Spectra on the GaAs background (red circle) 
and Au-NP patterned (white circle) regions.  The red line and the black line represent the 
averaged spectrum of the reflected laser light of red circle and white circle areas in panel 
A, respectively. 
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Figure 5.10. (A) False color photoluminescence image of 6.5 nm CdSe QDs above 5 
layers of polymer on a Ag-NP patterned GaAs surface (the z-scale bar is from 165-300 
a.u.) and (B) its cross-section analysis along the white line.  (C) The corresponding 
confocal image at the same scanning region generated by collecting the 488 nm laser 
line on 5 layers of polymers deposited upon Ag-NP patterned GaAs surfaces.  (D) 
Reflected laser light from the GaAs background (green circle) and the Ag-NP patterned 
(white circle) regions.  The green line and the black line represent the averaged spectrum 
of green circle and white circle areas in panel C, respectively. 
 
The plasmon enhancement of the QD photoluminescence was found to depend 
on the number of polymer layers which controls the QD-metal separation (Figure 5.11).  
For the Au-NP system, the enhancement was found to reach a maximum at 9 layers of 
polymer, corresponding to ~10.8 nm.  For the Ag-NP system, the maximum peak was at 
5 layers of polymer (~7.7 nm).  An overall maximum enhancement by a factor of two 
was observed in both the CdSe-Au and CdSe-Ag systems, and is consistent with 
previous results for coupling between CdSe and Au nanoparticles.163  These results can 
be partially attributed to the locally enhanced electric field surrounding the MNPs under 
illumination, where the maximum field enhancement should occur at the closest QD-
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metal separation distance.194  At such close QD-particle distances however, competitive 
mechanisms such as quenching, prevail due to electron transfer or non-radiative energy 
transfer from the QDs to the metal.195-199  As such, these two mechanisms compete with 
each other and thus render a distribution of PL enhancement as a function of separation 
between the QDs and MNPs (Figure 5.11).  When the QDs are more than 20 nm away 
from the MNPs, there is little to no coupling observed between the QDs and the MNPs.  
For the CdSe-Au system, the trend in photoluminescence enhancement as a function of 
distance was found to be highly reproducible.  For the CdSe-Ag system, however a large 
standard deviation in the photoluminescence intensity was observed for small 
separations.  We attribute this to the much larger surface corrugation of the Ag films, 
due to the much larger particles and degree of inhomogeneity in their size (~100 ± 20 
nm). 
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Figure 5.11. PL intensity enhancement of CdSe QDs versus number of polymer layers 
between QDs and Au (black squares)/Ag (blue triangles) NPs.  The upper x-axis 
indicates the calibrated thickness of corresponding polymer spacer (D) above metal NPs 
as illustrated in Figure 5.7A. 
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While the measured enhancement for the CdSe-Au was consistent with previous 
reports, the observed enhancement for the Ag system was lower than we expected 
considering the typically large enhancements for other optical properties such as SERS 
signals for Ag as compared to Au materials.  In one previous report, coupling between 
InGaN with rough Ag films was shown to yield enhancements by as much as 14-fold.164  
One might also expect that Ag nanoprisms should offer higher enhancement than the Au 
nanoparticles owing to the larger local electric field typically surround the sharp points 
of a Ag nanoprism.  Several factors may contribute to the lower than expected 
enhancement.  In particular, our yield of complete photoinduced conversion of Ag 
nanospheres to nanoprisms was found to be only ~50% on the basis of the UV-visible 
spectra and TEM images (Figure 5.2), such that ca. half of the Ag NPs in the films are 
non-resonant with both the CdSe QDs as well as the excitation laser.  The intrinsic low-
coverage citrate-coated Au or Ag NPs on surfaces may also partially explain the lower 
than expected enhancement.200  Lastly, it has also been demonstrated that the angle of 
the incident light and polarization can greatly influence the local-field enhancement for 
materials with sharp geometries such as nanoprisms, which we did not vary in our 
measuremnts.190,201  As such, each of these factors likely contribute to the reduced PL 
enhancement by the citrate-covered Ag nanoprisms. 
 
Mechanism. In order to elaborate on the experimental results to determine if the 
distance dependence we observed is reasonable, we separated the interactions between 
QDs and MNPs into two factors: PL quenching due to energy transfer from the QDs to 
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the MNPs and the electric field induced PL enhancement from MNPs on the QDs.  Here, 
due to the complexity of the CdSe-Ag system, we will only examine the CdSe-Au 
system.  Based on the competing factors of quenching and electric field enhancement, 
the final apparent enhancement of the PL intensity can be depicted as: 
EQ PPI
I ×=
0
                                                        (2) 
Where I is the PL intensity of QDs over the MNP-coated GaAs surface; I0 is the PL 
intensity of QDs without MNP coupling; PQ and PE are the quenching factor and 
enhancement factor, respectively, as  described in equations 3 and 4 below.  For the PL 
quenching part, an energy transfer mechanism has been successfully employed in 
various systems including dye-dye, MNP-dye, and QD-dye platforms.202-204  In order to 
simplify our system, we will assume that for each QD there is only one MNP nearby.  It 
should be noted that experimentally, based on the average surface coverage of the QDs 
and metal nanoparticles determined by AFM measurements, that there are ca. three-four 
QDs per Au particle.  Based on the relative particle sizes and their surface coverage, 
statistically this ratio yields nearly 1 QD per MNP in close enough proximity to 
experience PL enhancement.  The next closest QDs would be ca 40 nm from the MNP 
and based on our measurements may contribute ca. 20 % to the measured PL 
enhancement.  Under these conditions, the PL quenching factor can be written 
as:199,205,206 
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Where d is the MNP-QD separation distance; RQ is the Förster like radius at which 50% 
of the fluorescence is quenched; nQ is the dependence of fluorescence quenching on the 
MNP-QD separation distance.  For the Förster dipole-dipole energy transfer or 
fluorescence resonance energy transfer (FRET) mechanism,202 the energy transfer 
quenching exhibits an (d/RQ)6 dependence.  While for other mechanisms such as the 
nanosurface energy transfer (NSET) process, nQ will equal 4.199,207,208  Yun et al. has 
claimed to be able to distinguish between FRET and NSET processes by controlling the 
distance between a Au NP and a dye.205  As such, by fitting our photoluminescence 
enhancement data we will also attempt to do the same. 
For the PL enhancement part, it has been theoretically and experimentally demonstrated 
that the enhancement efficiency depends on the spectral overlap between donor emission 
and LSPR of MNPs and is proportional to the near field electric field intensity of the 
metal surface.209-211  Here, we simplify the enhancement model via the following 
equation: 
1)( += EnEE d
RP                                                    (4) 
Where RE is a constant for the MNP-QD separation at where we observe twice the 
luminescence enhancement, d is the same MNP-QD separation distance in equation 3 
and nE is the distance dependence power. 
To apply these models to our data, the experimental data of the Au-QD system (Figure 
5.11) was fit using equation 2, combined with equations 3 and 4, where nQ was set to 4 
or 6 and RQ was calculated directly for either the FRET or NSET models based on the 
materials.  All of the other parameters, d, RE, and nE were left to be freely variable in the 
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fit.  If the fit to the data is better for nQ = 4, this would suggest that the NSET 
mechanism dominates the energy transfer quenching processes.  However, if a better fit 
is obtained for nQ = 6, this would be indicative of a FRET mechanism being the major 
contributor to the quenching of the QD PL.  The fitting of our results for both nQ = 4 and 
6 are shown in Figure 5.12, in which the green and blue dashed lines represent the 
curves for quenching and electric field enhancement as a function of MNP-QD 
separation distance, respectively.  From these results, it can be seen that when nQ = 6 a 
much better fit to the data is found, suggesting that the FRET mechanism seems to 
dominate in our system.  This finding is consistent with earlier studies of ZnS capped 
CdSe coupled to Au nanoparticles via peptide tethers.199 
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Figure 5.12. Fitting results for PL intensity enhancement for the Au-QD system.  (A) 
For nQ = 4 and (B) for nQ = 6, respectively.  The data points are from Figure 5.10.  Only 
0-50 nm of separation is shown to highlight the fit near the peak position.  The orange 
and red solid lines represent the apparent PL enhancement as described in equation 2 for 
the NSET and FRET mechanisms.  The green and blue dashed curves depict the 
quenching and enhancement factors as described in equations 3 and 4, respectively. 
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5.5. Summary 
Using a patterned array of metal particles, photoluminescence enhancement for 
CdSe coupled to Au nanoparticles and CdSe coupled to Ag nanoprisms was investigated 
as a function of the CdSe-metal separation distance.  The use of a patterned array 
allowed for the photoluminescence enhancement to be readily scaled between regions 
with and without metal particles and account for any scattering or differences in 
dielectric medium that could influence the determination of the relative enhancement, all 
in a single experiment.  The PL enhancement of CdSe coupled to Au and Ag particles 
was found to peak at a factor of two at distances of ~ 11 nm and 8 nm, respectively.  The 
resulting data can be explained by the competition between energy transfer quenching 
and plasmon-assisted enhancement of the QD photoluminescence and could be fit to a 
simple model combining these two effects.  This simple platform which can be 
fabricated using directed assembly approaches should be readily adaptable to probing 
photoluminescence enhancement for a range of other materials.  
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CHAPTER VI 
SPATIALLY SELECTIVELY TUNING OF QUANTUM DOT THIN FILM 
LUMINESCENCE 
 
6.1. Synopsis 
This chapter describes a simple post-synthetic method to create patterns of 
colloidal CdSe nanocrystals with different optical properties and/or surface 
modifications on solid surface with sub-micron spacing resolution.  While post-synthetic 
schemes relying on photooxidation of QDs has been recently demonstrated in solution 
for tuning their optical properties, this often leads to reduced control over their resulting 
emissive properties due to aggregation that often results from oxidation in solution. Here 
we have employed a “lithosynthesis” approach to photochemically alter the surface 
chemistry of the quantum dots. In this process we are able to fine tune the optical 
properties of quantum dots, immobilized on a substrate through local photochemical 
oxidation and ligand exchange. As such, there is no issue of aggregation of the quantum 
dots and spectral changes show significantly reduced broadening as compared to 
processing in solution. These findings open an interesting way to nondestructively 
pattern quantum dot thin films. In addition to changing their local optical properties, the 
QDs that are patterned show an increased propensity for selectively binding of new 
molecules, making their surface chemical and optical properties re-configurable 
numerous times. Lastly, as this procedure can be employed with any conventional 
lithographic technique, this process is readily scalable for high throughput 
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nanofabrication. With the increasing interests of applying colloidal quantum dots in 
optical and electrical devices, bio-labeling and biosensing platforms, we expect this 
procedure will be of interest to the large community of scientists and engineers. 
 
6.2. Introduction 
Quantum dots have found numerous applications because of their exceptional 
features including high quantum yield, tunable wavelength of broad absorption with 
narrow PL spectra by size, and low photobleaching, which suggest their use for in vivo 
cellular labeling and in vitro biomolecular detection.212-215 These applications would be 
greatly increased if one could create spatially addressable platforms of QDs with 
selective optical properties. In present technologies, to create patterned arrays of 
quantum dots, one is first required to synthesize QDs with different sizes to achieve the 
desired luminescent properties by controlling particle size.  The size selectivity is limited 
by the synthetic platform being used and requires several processing steps.  To pattern 
these structures, one then faces the challenge of placing the specific color of quantum 
dot of inertest in the correct location on a support using either specific chemical linkers 
or pre-patterned templates.216-218 This could be very laborious and non-economical, as it 
first requires the synthesis of QDs with the desired sizes and then an approach to 
position them to a pre-decided location. It has recently been shown that by using photo-
oxidation, the effective size of the QD can be modified post-synthetically to tune QD 
emission.219-221 However, those experiments were all carried out in solution that can 
often lead to aggregation, resulting in undesirable spectral broadening and 
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inhomogeneity. Here we present a technology by utilizing a focus laser to 
“lithosynthesize” the QDs with the desired optical properties (Figure 6.1), which allows 
the directed patterning of QD materials to create features with selective wavelengths and 
whose luminescence may be locally modified by chemical addition to allow for the 
writing, reading and erasing of features.   This also provides a localized means of 
chemically altering these materials by selective addition of new molecules making this 
approach amenable for selective patterning of sensors. 
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Figure 6.1. Photo-oxidation of CdSe by laser exposure with controlled exposure time. In 
aconfocal fluorescence microscope, a focused laser beam (~2 kW/cm2) was used to scan 
a 16-mecaptohexadecanoic acid (16-MHA) capped QD film (A) to create patterns of 
oxidized QDs (B). The 16-MHA molecules are decomposed during laser lithography and 
the outer layers of CdSe QDs were oxidized, and the oxidation degree of each pattern 
was controlled by the dwell time or strength of the laser beam with each different color 
of each array representing different PL wavelength (C). 
 
6.3. Experimental Details 
Immobilization of QDs onto Solid Support to Form a QD Film. A silicon or glass 
substrate was first cleaned by the base piranha solution (NH4OH:H2O2:H2O=1:1:4) for 
10 min to form a hydroxyl terminated surface (This is a typical semi-conductor cleaning 
method, e.g. RCA-1). Caution: the base piranha cleaning solution is highly corrosive 
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and should be used very carefully.  The substrate was then rinsed by ultrapure water 
(18.2 MΩ·cm, NANOpure Diamond, Barnstead, Iowa USA) and immersed into 1 
mg/mL positively charged poly(diallyldimethylammonium chloride) (PDADMAC, 
Aldrich, 20 wt. % in water, Mw 100,000-200,000) in a 0.5 M NaCl aqueous solution for 
20 min to allow for full absorption of a single layer.  The polymer modified substrate 
was then immersed in 16-mercapto-1-hexadecanoic acid (16-MHA) capped CdSe QDs 
in aqueous solution for 8 hrs to form a thin film of QDs (ca. 1-2 layers).  The resulting 
substrate was then further rinsed by ultrapure water to wash away weakly bound 
QDsSingle side polished GaAs(100) substrates. 
 
Lithography and Imaging Processes. The lithography and imaging processes 
were carried out using a combined confocal fluorescence/AFM microscope (WITec 
Alpha300R, Germany) under ambient conditions (24 ± 2 oC) coupled with an argon ion 
laser with an Andor Peltier cooled (-70 oC) CCD detector.  A Nikon high numerical 
aperture objective (100x, 0.9 NA) was used to focus the laser on a sample for both 
lithography and imaging.  For lithography, a laser power up to 150 μW/μm2 was used, 
while a lower laser power of 3 to 15 μW/μm2 was used for imaging. At lower laser 
power, the same behavior was observed but the time required for photo-oxidation was 
much longer, whereby, the photo-oxidation of CdSe QDs was found to be negligible 
during the rapid integration time of ~ 50 ms/pixel. (For example, it takes a few hours to 
reach the maximum intensity under illumination of 15 μW/μm2 laser, comparing to 
several seconds for 150 μW/μm2 laser). 
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XPS Measurements. Three samples were prepared by drop casting of 50 μL of 
QD solution (~1 μΜ) on a cleaned silicon substrate.  The samples were blown dry with 
nitrogen and then immersed in 1 mM 16-MHA/ethanol solution for 10 min.  After 
removing the samples from the solution of 16-MHA, the substrates were rinsed by 
ethanol thoroughly.  One sample was examined by XPS without further treatment, while 
the other two samples were exposed to UV/ozone for 4 min to reach the maximum 
photoluminescence intensity.  One of these two samples was then subsequently re-
immersed in 1 mM 16-MHA/ethanol solution for 10 min and then rinsed with copious 
amounts of ethanol. The XPS data were acquired with a Kratos Axis ULTRA X-ray 
photoelectron spectrometer equipped with a 165 mm hemispherical electron energy 
analyzer.  The incident radiation was the Mg Kα X-ray line (1253.6 eV) with a source 
power of 180 W (15 kV, 12 mA). The analysis chamber was maintained at a steady base 
pressure of < 6×10-9 Torr during sample analysis. Survey scans of up 1100 eV binding 
energy were carried out at a analyzer pass energy of 160 eV with 1.0 eV steps and a 
dwell time of 300 ms. Multiplexed high-resolution spectra of the C(1s), S(2p), Cd(3d), 
and Se(3d) regions were taken at a pass energy of 40 eV with 0.1 eV steps and a dwell 
time of 60 ms. The survey and high-resolution spectra were obtained with averages of 5 
and 50 scans, respectively. The C(1s) peak at 284.8 eV was set as a reference for all XPS 
peak positions to compensate for energy shifts due to the spectrometer work function. 
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6.4. Results and Discussion 
Tuning the Optical Properties of CdSe QDs. Using a focused argon ion laser 
beam directed through a confocal microscope, the laser light is scanned across the film 
with different rates to photo-oxidized the QDs and thus generate arrays of QDs with 
different luminescent intensities and wavelengths. Figure 6.2 shows the typical 
photoluminescence as a function of time under a fixed laser at the same spot on a CdSe 
film. The intensity of the CdSe QD emission is selectively tuned by altering the laser 
dwell time on a region from ca. 0.25 s/μm to10 s/μm.  Additionally, increased exposure 
time results in a continuous blue-shifting of the QD emission (Figure 6.3). As shown in 
Figure 6.3, the time-resolved spectra of the QDs under laser illumination were recorded 
with an integration time of about 40 ms and show both the change in photoluminescence 
intensity and the shift in the center emission wavelength.  The fabricated pattern may 
then be imaged under lower laser intensity (~4 W/cm2). Figure 6.3A shows the confocal 
fluorescence image of lines written by ratsering the sample at 4, 2, 1, 0.8, 0.6, 0.4, 0.2, 
0.1 μm/s respectively, from left to right then top to bottom. Figure 6.3B shows the shift 
in the photoluminescence peak wavelength for each feature.  For low raster rates < 0.2 
μm/s, the intensity in the center of the line was smaller than the background, but that of 
the edge was greater than the background due to the Gaussian beam profile. The lines on 
the peak center image became darker because of blue shifting. Under the optimal 
conditions, the emission wavelength of the CdSe QDs can be tuned (blue-shifted) up to 
45 nm (Figure 6.4). The feature size of the patterned arrays depends on the diameter of 
laser spot striking the surface and in this configuration is diffraction limited yielding 
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feature sizes as small as ca. 300 nm. Optimal structures to date however have features > 
1 micron in size. 
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Figure 6.2.  Change in luminescence intensity (left axis) and peak position (right axis) 
of a CdSe QD film under focused laser illumination. 
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Figure 6.3. (A) Photoluminescence image (30 μm x 30 μm) and (B) peak position image 
(30 μm x 30 μm) of patterned CdSe QDs.  
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Figure 6.4. Selected spectra of QD emission under laser illumination. The spectra were 
normalized to the same intensity for the convenience of comparison. The center of the 
emission was blue shifted continuously from right to left controlled by the illumination 
time of the laser. The peak center may be blue shifted for ~45 nm under current 
experimental conditions. 
 
The present processing method has as an advantage that only a single starting 
material is required.  Moreover, by optimizing patterning conditions, the dispersity in the 
optical properties (i.e. luminescence wavelength) may possibly be reduced by precise 
control of the patterning conditions (i.e. materials that are not mondisperse could all be 
tuned to equivalent colors by the patterning process).  Additionally, patterns may be 
created with high densities on any surface, making them extraordinarily useful for 
creating new optical display or sensing platforms.  For example, they may be patterned 
on simple surfaces such as glass, or incorporated into composite materials, including 
polymers by encapsulation after patterning.  Here we have successfully patterned the 
QDs onto TiO2, sapphire, and Au surfaces. Moreover, any kind of features can be 
“written” selectively on CdSe QDs using this technique. Examples of confocal images 
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with various features created by laser lithography on CdSe QDs are shown in Figure 6.5. 
This could be very useful for the potential applications in 3-D optical storage media 
 
 
Figure 6.5. Each set of figures shows the PL intensity image (upper row) and the 
associated shift in wavelength (bottom row). 
 
Rewritability of the Patterned QDs. We have observed that that the enhanced 
emission can be quenched back after resoaking the CdSe/sapphire into the 1 mM 16-
MHA for 10 min and then can be “rewritten” by laser lithography at the same region, 
which suggests that the increased PL might be due to the removal of chemical bonds (i.e. 
S-CdSe bonds). The QD structures may be “written” to and “erased” for 12 cycles with 
little loss in feature fidelity or average ON/OFF luminescence ratio (Figure 6.6). This is 
accomplished by laser desorption/dissociation of the 16-MHA capping layer which may 
 94
then be replaced to “erase” the written feature. To confirm this assumption, we 
conducted the XPS experiments as shown in Figure 6.7. Under illumination, the thiol 
capping ligands can be removed by their photocatalytic oxidation to disulfide,222 along 
with the formation of more complicated oxidized sulfur species. From XPS data, both Se 
and S were observed to be significantly oxidized after UV/ozone exposure and slight 
oxidation of C was also observed, while no noticeable changes in Cd were detected.  For 
Se, the peak at around 54.4 eV is from CdSe and peak at 59.1 eV is known to arise from 
SeO2.223  For sulfur, the peak around centered around 160.5 eV corresponds to the 
thiolate chemisorbed (bounded) on Cd sites, while the peak from 164 eV to 167 eV may 
be attributed to the unbounded thiols and chemically (bounded) or physically 
(unbounded) absorbed dithiol species224 on the CdSe surface as previously described 
from NMR data by Peng and co-workers.225  The broad peak from 168 eV to 172 eV 
represent oxidized sulfur species which appear in this range of binding energies.  
 
 
Figure 6.6. Demonstration of reversible surface modification of QDs. (A) A square is 
patterned onto the CdSe QD film where the QDs are partially oxidized and capping 
groups partially removed. (B) The sample is immersed in 16-MHA solution for 5 
minutes (inset is the wavelength channel of the same region). (C) The surface is then re-
patterned in the same location. (D) This process can be repeated many times with 
minimal signal loss. (E) During the cycles, the QD emission peak is continuously blue-
shifted. 
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Figure 6.7. XPS spectra of a CdSe QD film before and after UV illumination and 
following UV illumination and re-exposure to 16-MHA. 
 
The atomic concentrations of Cd, Se, S and C in each sample were obtained by 
integration of the peak areas with sensitivity corrections for each element using the 
Kratos Axis software (Table 6.1).  The elemental ratio of (S + C) to (Cd + Se) of CdSe 
QDs decreases after UV treatment, from 6.4 to 2.4,  and then increases back to 4.3 after 
exposing the film to 16-MHA (Table 6.1).  This suggests that the 16-MHA surfactants 
are photo-oxidized under UV illumination and exposing the underlying CdSe which is 
then active for binding new 16-MHA molecules or other thiols. 
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Table 6.1.  Elemental summary of Cd, Se, C and S in XPS spectra of Figure 6.7. 
Atomic Concentration (%) 
Elements Original After UV for 4 min Refilled with 16-
Cd 9.96 19.08 11.83 
Se 6.57 10.67 7.04 
S 12.63 22.70 16.48 
C 71.85 47.55 66.65 
 
Insertion of Porphyrin Molecules into the Photopatterned Regions. The QD film 
samples were photo-patterned in air then transferred into 1 mM porphyrin thiol 
(TPy3PF4-SC5SH) dissolved in CH2Cl2 for 10 min (Figure 3.1).226  After insertion, the 
substrates were removed from the solution and were rinsed with dichloromethane and 
blown dry with streaming nitrogen.  The control experiment was carried out by 
immersing the sample into pure CH2Cl2 for 10 min after photolithography. By 
comparing the control experiment (Figure 6.8A) to the sample following porphyrin 
attachment (Figure 6.8B, C), photoluminescence images showed that the porphyrin thiol 
had insertion to the surface.  First, the CdSe photoluminescence was further quenched as 
compared to those films to which 16-MHA rebound to the surface, where the intensities 
of the first four lines in Figure 6.8 should go back to the background level.  This 
increased quenching likely results from fluorescence resonant energy transfer (FRET) 
from the CdSe to the porphyrin.  Luminescence images integrated over just the 
porphyrin fluorescence showed higher concentrations of porphyrin in the photo-oxidized 
regions as compared to the rest of the film, although some nonspecific binding of 
porphyrin was also observed (Figure 6.8C).  Since nonspecific binding is surface 
dependent, one may expect to reduce this by surface modification.  However, since 
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FRET is highly distance dependent, and the background CdSe QDs work as reference, 
from Figure 6.8B, the binding of porphyrin is very clear and is much better than directly 
using porphyrin fluorescence (Figure 6.8C) as a binding signal.  The results demonstrate 
the feasibility for the attachment of various molecules in the regions of interest after 
selective photolithography on CdSe film. 
 
 
 
Figure 6.8.  Demonstration of the application of this photolithography method to CdSe 
QD modification by additional ligands. Here molecules with thiol linkers can be 
selectively bound into the patterned regions. Photoluminescence images of samples that 
following patterning in air: a control sample that had been soaked in solvent CH2Cl2 (A); 
a sample that had been immersed in a porphyrin thiol solution (B,C) with luminescence 
image taken for the CdSe emission (B) and luminescence image of the porphyrin 
emission (C).  (D) Emission spectrum of the porphyrin thiol modified sample with two 
emission peaks from CdSe and porphyrin respectively. 
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6.5. Summary 
In summary, upon visible light illumination, the capping ligands of the QDs are 
photocatalytically oxidized along with the QDs themselves allowing for the selective 
modification of the local QD optical properties (emission intensity and wavelength).  
This method has many distinct advantages over other approaches for creating patterned 
arrays of QDs with different optical properties, in that only a single starting material is 
required and these patterned structures can be written optically using typically 
photolithographic techniques, affording ready industrial scale-up.  Patterns can be 
created with high densities on any surface with appropriate modification, making them 
useful for creating displays or sensing platforms.  The patterned structures can also be 
“erased” or modified by the selective addition of new surface ligands multiple times 
allowing the optical properties of the films to be reconfigurable. 
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CHAPTER VII 
ULTRASENSITIVE COPPER(II) DETECTION USING PLASMON-ENHANCED 
AND PHOTO-BRIGHTENED LUMINESCENCE OF CDSE QUANTUM DOTS 
 
7.1. Synopsis 
Here we present a simple platform for using the enhanced emission of 16-
mercaptohexadecanoic acid (16-MHA) capped CdSe QDs as a probe for ultrasensitive 
copper(II) detection.  In this study, the photoluminescence (PL) of the QDs were first 
enhanced by Ag nanoprisms which were self-assembled on Si surfaces, and then further 
increased by photo-brightening.  Using this approach, the control and different analytes 
could be readily probed all on a single platform using fluorescence microscopy.  The 
enhanced PL intensity of CdSe QDs was selectively quenched in the presence of Cu2+, 
accompanied by the emergence of a new red-shifted luminescence band.  The quenching 
mechanism was found to be due to a cation exchange mechanism as confirmed by X-ray 
photoelectron spectroscopy (XPS) measurements.  Herein, we have demonstrated that 
this simple methodology can offer a rapid and reliable detection of Cu2+ with a detection 
limit as low as 5 nM and a dynamic range up to 100 μM in a fixed fast reaction time of 5 
minutes.  The potential applications of this technique were tested in two ways: for 
mixed-ion solutions and in physiological fluids and both experiments exhibited good 
selectivity toward Cu2+. 
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7.2. Introduction 
Copper is among the most important transition metals in the human body.  
Copper is physiologically essential in various aspects such as bone formation, cellular 
respiration, connective tissue development and serves as a significant catalytic co-factor 
for several metalloenzymes,227 and a deficiency of copper can lead to anemia or 
pancytopenia.  Excessive amounts of copper can result in eczema, kidney disease, and 
damage to the central nervous system.228  The Recommended Daily Allowance of copper 
suggested by National Research Council ranges from 1.5 to 3.0 mg for adults, 1.5 to 2.5 
mg for children, and 0.4 to 0.6 mg for infants.228  According to the guidelines for 
drinking-water quality of the World Health Organization (WHO), copper is identified as 
a “chemical of health significance in drinking-water”.57  Therefore, the importance of 
appropriate intake of copper in daily diet and its participating functions in physiological 
processes place an important emphasis on the detection of copper cations. 
Among the detection techniques, there has been ongoing interest in exploiting 
metal nanoparticles (NPs) as prompt visual reporters for sensing species including 
transition metal ions, alkali ions, and biomolecules due to their change in surface 
plasmon absorption upon aggregation induced by the presence of the target molecules or 
ions.229-232  However, the extinction spectra of metal NPs are usually broad and subtle 
changes of ion concentration might not be reflected from simply the color response of a 
NP solution or its extinction spectra.  Recently, Chen and Rosenzweig developed the 
first example of copper and zinc ion probes using luminescent quantum dots (QDs) 
capped by different ligands in aqueous samples by taking advantage of the exceptional 
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features of QDs, including their high quantum yield, narrow emission spectra, and low 
rate of photobleaching.233  To date there have been several research groups utilizing 
different types of functionalized QDs for the selective ion recognition including silver, 
copper, cadmium, and mercury.234-240  Chou and coworkers241 reported the use of 15-
crown-5 capped CdSe/ZnS QDs as a sensing unit for K+ via Förster type of energy 
transfer between two different size QDs.  Ruedas-Rama et al. successfully used Zn2+ to 
“turn on” the emission of azamacrocycle-conjugated QDs,242 while Ali et al. have 
demonstrated the ability of applying glutathione-capped ZnCdSe QDs to probe Pb2+ with 
a detection limit as low as 20 nM.243  All of these developments show the promising 
potential of QD-based ion sensors for applications in biology, pharmacology and 
environmental science.  Until now, these experiments were all performed in organic or 
aqueous media, with usually several mL of QD solutions and ion samples required for 
each fluorescence measurement.  Additionally, clean-up of the poisonous QD solutions 
following the experiments and the ability to analyze trace amounts of sample at low 
concentrations however remain challenges in the applications of these materials.  Most 
importantly, the thiol-derivatized molecules usually used as the capping ligands for QDs 
in order to make the ion analysis practical in aqueous media renders the quantum yield 
of the QDs very low (~ 1%),244 which can have a detrimental impact on the overall 
sensitivity of these approaches. 
In this chapter we present a simple and economical platform in which a thin film 
of CdSe QDs was deposited onto the Si surfaces pre-modified with Ag nanoprisms.  The 
emission of CdSe QDs was enhanced by coupling with the surface plasmon of Ag 
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nanoprisms.  Polymer layers, deposited using layer-by-layer assembly between the Ag 
and CdSe, are used to space the metal nanoparticles and QDs at the optimal separation 
distance for the maximum PL enhancement (Figure 7.1).245  To further increase the 
sensitivity of QDs to their local environment, the CdSe QDs were also photobrightened 
by exposure to UV or laser light which resulted in photobrightening of the QDs, in an 
effort to achieve a lower detection limit and higher dynamic range.  
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Figure 7.1.  Schematic diagram showing the processes of fabrication of the enhanced 
CdSe device for ion-sensing.  A glass or Si substrate was first cleaned and then modified 
with an APTES SAM (A).  The substrate was next soaked in an aqueous solution of the 
citrate stabilized Ag nanoprisms allowing the nanoprisms to attach to the amine 
terminated surface (B).  5 layers of charged polymer were next deposited onto the Ag 
nanoprism modified surface terminating in PDADMAC.  The negatively charged CdSe 
QDs of 6.5 nm in diameter were then adsorbed onto the outermost polymer layer (C).  
Panel (D) shows the side view of (C).  The substrate was irradiated by UV-Ozone under 
pH 11 NH4OH solution for 2.5 min and then blown dry with streaming nitrogen.  Then, 
2 μL of 100 μM ion samples were spotted onto the CdSe surface (E).  After 5 min of 
reaction time, a confocal fluorescence microscope was used to measure the emission 
intensity of the CdSe QDs (F). 
 
To address some of the above mentioned challenges of large sample volumes and 
disposal of large amounts of QD materials, here 2 μL of each different ion sample was 
dropped at predetermined spots marked on the back side of the glass substrate.  This 
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simple approach provides enhanced PL of CdSe QDs in which only a thin film of QDs 
(less than 1 ng in CdSe weight) and trace amount of samples (2 μL) are required, greatly 
reducing potential cadmium contamination to the environment and unnecessary waste of 
samples.  Additionally, this method allows the control (i.e. ion-free sample) and various 
ion samples to all be measured on the same platform using fluorescence imaging, aiding 
in eliminating variations from sample to sample.  This simple platform can be readily 
fabricated using chemical self-assembly and adapted to diverse materials.  Here, we 
demonstrated the capabilities of this approach using 16-MHA capped CdSe QDs as a 
selective probe for Cu2+ with a low detection limit (5 nM) and wide linear range (100 
μM).  The mechanism for copper ion detection was also investigated by using XPS and 
confocal fluorescence microscopy. 
 
7.3. Experimental Details 
Materials. The following inorganic salts were purchased from Sigma-Aldrich 
and used as received: copper(II) sulfate, potassium chloride, sodium chloride, nickel(II) 
chloride, barium(II) chloride, manganese(II) chloride, cobalt(II) chloride, calcium 
chloride and lead chloride.  3-aminopropyltriethoxylsilane (APTES) was purchased from 
Gelest, Inc.  All other chemical reagents were purchased from Sigma-Aldrich and used 
as received without further purification.  Single-side polished Si(100) wafers were 
obtained from Virginia Semiconductor Inc.  High purity water (18.2 MΩ•cm, 
NANOpure Diamond, Barnstead) was used throughout the experiment.  The piranha 
solution is a 1:3 (v/v) mixture of 30% H2O2 and concentrated H2SO4, and was used to 
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clean the Si wafers prior to use.  Caution: this solution reacts violently with organic 
materials and should be handled very carefully. 
   
Preparation of Silane Monolayers and Deposition of Silver Nanoprisms.  The 
details of the preparation of silane monolayers have been described previously.246  
Briefly, self-assembled monolayers (SAMs) of APTES were formed by immersion of 
the freshly cleaned Si or glass substrate in 5 mM APTES in ethanol for 6 h.  After being 
taken out from the solution of APTES, the SAM-modified substrates were rinsed with 
ethanol and blown dry under a nitrogen stream in preparation for deposition of silver 
nanoprisms.  The samples were immersed in silver nanoprism solution overnight to 
allow a uniform absorbance of silver nanoprisms onto the APTES modified surface 
through electrostatic interaction. 
 
Layer-by-layer Deposition of Polymers.  A polymer spacer formed by layer-by-
layer assembly was used to optimize the separation distance between the Ag and the 
CdSe to maximize the PL enhancement.  The details of the polymer deposition on 
nanoprisms-modified substrates have been described elsewhere.245  Here, a positively 
charged polymer solution was prepared by adding 0.5 M NaCl to an aqueous 5 μL/mL 
poly(diallyldimethylammonium chloride) (PDADMAC) (Aldrich, 20 wt. % in water, Mw 
100,000-200,000) solution.  For the negatively charged polymer solution, an aqueous 
solution of 1 mg/mL poly(sodium 4-styrenesulfonate) (PSS) (Aldrich, Mw 70,000) 
containing 0.5 M NaCl was used.  An additional outermost layer terminating in a 
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positive layer of PDADMAC was deposited to allow for the further attachment of 
negatively charged 16-mercaptohexadecanoic acid terminated CdSe QDs. 
 
X-ray Photoelectron Spectroscopy.  XPS data were acquired with a Kratos Axis 
ULTRA X-ray photoelectron spectrometer equipped with a 165 mm hemispherical 
electron energy analyzer.  The incident radiation was the monochromated Al Kα X-ray 
line (1487.7 eV) with a source power of 120 W (12 kV, 10 mA).  The analysis chamber 
was maintained at a steady base pressure of 6 × 10-9 Torr during sample analysis.  
Survey scans of up to 1100 eV were carried out at a analyzer pass energy of 160 eV with 
1.0 eV steps and a dwell time of 300 ms.  Multiplexed high resolution scans of Cd(3d), 
C(1s), S(2p), Se(3d), Cu(2p), Ni(2p), and Co(2p) regions were taken at a pass energy of 
40 eV with 0.1 eV steps and a dwell time of 60 ms.  The survey and high resolution 
spectra were obtained with averages of 5 and 50 scans, respectively.  The C(1s) peak at 
284.8 eV was set as a reference for all XPS peak positions to compensate for energy 
shifts due to the spectrometer work function. 
 
Synthesis of CdSe QDs.  Trioctylphosphine oxide (TOPO)-passivated CdSe 
spherical nanocrystals of 6.5 ± 0.3 nm in diameter were synthesized from well-
established solvothermal methods.  The QDs were made water soluble through exchange 
of the capping ligand with 16-MHA (Figure 7.2).170,247 
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Figure 7.2.  TEM images of (A) 6.5 nm and (B) size distribution of CdSe QDs. 
 
Synthesis of Silver Nanoprisms.  The Ag nanoprisms were synthesized by first 
creating spherical silver nanoparticles (NPs) by the reduction of AgNO3 (Sigma, 99+% 
purity) with NaBH4 at room temperature.248  Here, 2 mL of 8 mM NaBH4 solution was 
added dropwisely into 100 mL of 0.2 mM AgNO3 and 0.4 mM sodium citrate aqueous 
solution.  The color of this mixed solution turned to yellow immediately (Figure 7.3C) 
and was kept stirring for 30 min.  The photochemical shape conversion of spherical Ag 
NPs into flat nanoprisms was carried out by exposure to a sodium lamp (50 W) for 14 h 
with a sample-source distance of ~ 3 cm.248,249  The Ag NP solution was placed inside 
the glass water bath and monitored by thermometer to ensure that the temperature was 
below 30 oC.  The color of the Ag NPs solution changed from yellow to green and then 
to light blue (Figure 7.3C) gradually during the period of illumination.  The absorption 
spectra of Ag NPs were measured using UV-visible spectroscopy (USB-ISS-UV/Vis, 
Ocean Optics Inc.).  The average edge length of triangular Ag nanoprisms measured by 
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transmission electron microscopy (TEM) were 70 ± 15 nm (Figure 7.3A-B).  More than 
90% of the Ag nanoparticles were found to be completely converted to nanoprisms. 
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Figure 7.3.  (A) TEM images of photoinduced Ag nanoprisms and (B) the enlarged view 
at a different region.  The scale bars are 100 nm.  (C) The Ag nanosphere (left) and 
nanoprism (right) solutions and (D) their corresponding absorption spectra displayed in 
solid black line and solid red line, respectively.  The solid green line shows the UV-
visible spectrum of Ag nanoprisms on APTES-modified glass covered with 5 layers of 
PSS:PDADMAC; and  the orange line shows the photoluminescence of 6.5 nm CdSe 
QDs on top of 5 layers of PSS:PDADMAC. 
 
Sample Imaging.  As shown in Figure 7.1, 2 μL of 100 μM ion samples were 
dropped onto the CdSe surface one by one with a center-to-center spacing of ca. 2 mm.  
After 5 min of reaction time, the emission spectra of CdSe QDs were acquired spot by 
spot with a combined confocal fluorescence/atomic force microscope (WITec Alpha300 
R, Germany) under ambient conditions (24 ± 2 oC).  The photoluminescence spectra 
were collected using an Ar ion laser at 488 nm (~70 μW/μm2) as the excitation source 
with a typical integration time of 36 ms/pixel.  A Nikon 100x (0.9 NA) objective was 
utilized for imaging and spectral data acquisition and the laser was focused to a spot size 
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of ~1 μm2.  The spectral data were acquired with an Acton triple grating spectrometer 
with an Andor Peltier cooled (-66 oC) CCD detector.  Each spectrum of the ion samples 
was averaged from 1000 different points on the surface with an integration time of 36 
ms/pixel.  TEM images of the synthesized CdSe nanoparticles were acquired using a 
JEOL 2010 transmission electron microscope at an acceleration voltage of 200 kV. 
Samples were prepared using copper grids from Ted Pella. A drop of CdSe solution, in 
toluene, or Ag nanoprism solution, in water, was dropped onto the grid and allowed to 
evaporate at room temperature. 
For the determination of Cu2+ in simulated physiological backgrounds, solutions 
of 25 μM, 50 μM and 75 μM of copper ion were prepared by adding the CuSO4 into as 
received and diluted (1:10 v/v and 1:20 v/v with high purity water) Dulbecco’s Modified 
Eagle’s Medium (DMEM D-5671, Sigma) solutions (Figure 7.4). 
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Figure 7.4.  Original composition of DMEM D5671. 
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7.4. Results and Discussion 
Enhanced PL of CdSe QDs. The photoluminescent signals of the QDs in this 
study were enhanced in two ways: plasmonic enhancement and photo-enhancement.  In 
our previous work, we have demonstrated that the luminescence of CdSe QDs can be 
locally enhanced by the electric field of Ag nanoprisms and can reach the maximum of 
ca. twice the original PL at a distance of ~ 8 nm between CdSe and Ag nanoprisms.245  
Here we used a modified method to photoconvert Ag nanoparticles into Ag nanoprisms 
with high yield (determined by TEM to be > 90%).  As shown in Figure 7.3, the Ag 
nanoparticles were transformed into nanoprisms following the irradiation by a sodium 
lamp for 14 h.  From the UV-vis spectra (Figure 7.3D), the absorption spectrum of Ag 
nanoprisms in solution exhibit an out-of-plane quadrupole (~ 334 nm), in-plane 
quadrupole (~ 466 nm), and in-plane dipole (~ 676 nm) plasmon resonance modes with 
no observable Ag nanoparticle band (expected to be ca. 400 nm).  The Ag nanoprisms 
were then assembled onto an APTES-coated Si surface (Figure 7.1B).  Following the 
attachment of Ag nanoprisms, a layer-by-layer deposition of oppositely charged 
polymers (PDADMAC:PSS) were cast sequentially onto the Ag-modified Si substrate as 
a spacer layer with the 16-MHA capped CdSe QDs (which carry a net negative charge at 
the assembly pH) absorbed onto the outermost polymer layer (PDADMAC) through 
electrostatic interactions (Figure 7.1C-D).  As demonstrated in our previous work, the 
maximum field enhancement occurs at the distance of five layers of polymer (ca. 8 nm 
in thickness).  Here an average PL enhancement of CdSe QDs by a factor of 2.5 was 
observed (Figure 7.5A). 
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Figure 7.5.  (A) Representative emission spectra of CdSe before (black line) and after 
(red line) plasmonic enhancement by Ag nanoprisms.  (B) Relative photoluminescence 
enhancement of CdSe QDs which were irradiated by UV-Ozone for different durations, 
ranging from 0.2 to 25 min in pH 11 NH4OH solution. 
 
In addition to the plasmonic enhancement, it is known that the luminescence of 
the 16-MHA capped CdSe increase under light irradiation (photobrightening).  Although 
the mechanisms explaining this type of photobrightening are still not well understood 
right now, there have been several groups reporting the plausible mechanisms in 
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analogue systems including passivation of surface states,250-252 suppression of the 
ionization rate,253,254 photochemical annealing,255-257 and desorption of surfactants.258  In 
our recent work, we have demonstrated that the removal of chemically bonded quencher 
(i.e. thiol capping ligands) is responsible for the photobrightening in our system.259  In 
the present work we used the same stratagem to photobrighten the PL of CdSe in an NH3 
aqueous solution of pH 11, where detachment of the thiol capping agents along with 
concomitant Cd-OH formation was found to occur improved photostability of the 
QDs.260  As displayed in Figure 7.5B, a maximum photobrightening of ca. 11-fold was 
observed following 5-min of UV/ozone irradiation.  A dramatic decline in the PL 
intensity after 5 min, accompanied by a blue-shift of the emission wavelength (data not 
shown) however was also found due to the oxidation of the QD surface.261  During 
illumination some damage of the supporting polymer film was also observed after 3 - 4 
min of exposure resulting in an inhomogeneous distribution of QDs.  As such, the 
illumination time to photobrighten the materials was fixed at 2.5 min in order to prevent 
any degradation of polymer layers but still yield a significant luminescence increase.    
In conjunction with increasing their luminescence, by photobrightening the QDs, we also 
expected that the partially removed capping reagent would also decrease the response 
time, thus accelerating the speed of sensing, as the removal of the capping ligands will 
raise the accessibility of Cu2+ from the bulk solution to the CdSe surface. 
 
Luminescence Response of CdSe QDs to Metal Cations.  The enhanced 
luminescence of the QD film was employed as a reporter for metal ions by spotting 2 μL 
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of 100 μM selected ion aqueous solutions onto the film (Figure 7.1E).  It should be noted 
that one of the diagonal lines in the pattern served as a control experiment (i.e. only 
ultrapure H2O was spotted at these locations).  After 5 min of reaction time (vide infra), 
the luminescence of QDs was readout by a confocal laser scanning microscope (λ = 488 
nm).  As shown in Figure 7.6, the intensity of the emission maximum (λ = 627 nm) of 
the 16-MHA capped CdSe QDs was quenched selectively and effectively by copper ions 
by nearly 70% but minimally affected by other cations, as compared to the emission 
intensity of CdSe in the ion-free species (Iblank).  Figure 7.7 shows the PL response of 
CdSe QDs to 100 μM of copper ions at different reaction times, which is indicative of a 
fast reaction rate of CdSe QDs with the copper ions.  To better understand the selectivity 
of CdSe QDs toward copper ions, we conducted additional studies of this quenching 
behavior as described below. 
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Figure 7.6.  Effect of different ions (100 μM) on the luminescence intensity of CdSe 
QDs. 
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Figure 7.7.  Normalized emission intensity of CdSe as a function of time after reacting 
with 100 μM Cu2+. 
 
Detection of Copper Ions Using 16-MHA Capped CdSe QDs Probe.  As shown 
in Figure 7.8A, it was found that the presence of ultra-trace amounts (ca. 5 nM) of 
copper ions could produce a decrease in the PL of the CdSe QDs.  For concentrations in 
excess of 100 μM however no further decrease in emission luminescence was observed, 
which suggests that no additional copper ion could be bound to the QD surface.  Figure 
7.8B describes the emission spectra of CdSe QDs as a function of copper ion 
concentration.  The relative standard deviation of blank signal for 10 replicates was 1.2%.  
The dynamic range extends from ca. 5 nM to 100 μM and can produce a measurable 
quenching signal of as little as ~ 5%.  Moreover, a slight red-shift (~ 5 nm) at the 
emission maximum along with the occurrence of a small shoulder peak at ca. 650 nm 
were observed with increasing copper ion concentration.  The new peak is attributed to 
the formation of a new energy level associated with the CdSe-Cu+ species as 
demonstrated by Isarov et al.,262 rendering a red-shift and broadening of the emission 
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maximum.  The dependence of the PL quenching on copper ion concentration can be 
best expressed by typical Stern-Volmer quenching: 
[ ]QK
I
I
sv
o += 1 , 
where Io and I are the PL intensity of QDs in an ion-free solution and at a given 
concentration of copper ions, respectively,  [Q] is the concentration of the quencher (i.e. 
copper ions) and Ksv is the Stern-Volmer constant.  As shown in Figure 7.9, a linear 
relationship of Io/I versus copper ion concentration is clearly observed (R2 = 0.996) with 
Ksv = 6.5 x 104 M-1 for the CdSe QDs enhanced by both photobrightening and Ag 
nanoprisms.  The dynamic range of the unmodified QDs however is much smaller and 
shows reduced linearity over the full range of concentration.  This confirms that the 
CdSe QDs with enhanced PL can furnish a more efficient probe with higher sensitivity 
and a wider dynamic range toward copper ion detection. 
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Figure 7.8. (A) Effect of various concentrations of Cu2+ ions on the luminescence of 
CdSe QDs.  Concentration of Cu2+ from 0 to 100 μM: black line: 0, red line: 5 nM, blue 
line: 100 nM, orange line: 5 μM, brown line: 25 μM, gold line: 50 μM, plum line: 75 
μM, green line: 100 μM.  (B) Luminescence quenching of CdSe (λmax = 626 nm) by 
Cu2+ ions.  The inset in (A) magnifies the regions of lower concentration of Cu2+ (< 100 
μM). 
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Figure 7.9.  Stern–Volmer plot for the quenching of CdSe PL by Cu2+.  The solid red 
squares (■), black diamonds ( )◆ , and blue triangles (▲) denote the CdSe QDs enhanced 
by both Ag nanoprisms and photobrightening, the photobrightened QDs, and the 
unmodified QDs, respectively.  Note: the blue and black lines are added as a guide.  The 
red line is a linear fit to the data. 
 
Mechanism of Cu2+ Detection by CdSe QDs.  XPS measurements were 
performed in an effort to investigate the mechanism of the selective copper ion response 
of CdSe QDs.  Figure 7.10 shows high-resolution spectra of the S(2p), Se(3d), Cd(3d), 
C(1s), and Cu(2p) regions after treating the enhanced CdSe films with ion-free pure 
water (upper row) and 100 μM Cu2+ ions (bottom row).  The sulfur peak reveals partial 
oxidation of the thiol capping groups prior to photo-brightening and plasmonic-
enhancement (Figure 7.11), which demonstrates that oxidation of the 16-MHA by 
molecular oxygen in aqueous solutions cannot be avoided.  It is worth pointing out that 
the decrease in atomic concentration of sulfur after photo-brightening (Table 7.1) is 
responsible for the increase in emission intensity, which is in agreement with our 
previous report.259  Additionally, no significant peak shift or broadening was observed 
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for S(2p), Se(3d), Cd(3d), and C(1s) after the addition of Cu2+, indicating that only the 
relative amount of each element was altered while the chemical structure of CdSe QDs 
remained intact.  High-resolution photoelectron spectra of the Cu(2p) shows two peaks 
centering at 931.3 ± 0.1 eV and 951.2 ± 0.1 eV, which correspond to the Cu(2p3/2) and 
Cu(2p1/2), respectively.  Interestingly, unlike previous reports which suggest the 
chemical replacement of surface Cd2+ ions by Cu2+ ions occurs,263,264 we found that the 
peaks in the photoelectron spectra are characteristic of solely Cu+ rather than Cu2+ ions, 
which have been widely seen in copper(I) selenide and copper(I) sulfide 
compounds.265,266  Additionally, no noticeable shake-up features in the Cu(2p) XPS was 
observed, further suggesting that only Cu(I) is present.267  This is consistent with the 
thermodynamically allowed reduction of Cu2+ to Cu+ by the QDs, which in this case is 
rapid and complete, as previously shown by Isarov et al.262  To elucidate the role of 
copper ions in quenching the QD PL, the atomic concentration of each element and the 
ratio of Cd to Se, and Cu to Se are summarized in Table 7.2, where the content of Se was 
assumed to be constant.  Based on these data, it was found that the ratio of Cd:Se 
decreased with a concomitant increase of Cu:Se ratio as the concentration of copper ions 
used in the reaction was raised.  This indicates that as the quenching occurs, Cu+ ions 
replace Cd2+, rather than insert into Cd vacancies.  The formation of copper(I) selenide 
by this process produces the associated red-shift and observed quenching phenomena.  
The ion-exchange processes is schematically illustrated in Figure 7.12 although the real 
model of the atomic exchange is much more complicated as recently described by the 
Alivisatos group.268  The XPS data show that the ratio of Cd to Se and Cu to Se remain 
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almost unchanged for copper ion concentrations higher than 200 μM (Table 7.2) within 
the reaction time of 5 min.  This suggests that under these conditions the surface of CdSe 
becomes saturated with Cu(I) and thus the Cd:Se ratio becomes constant.  This result is 
consistent with the luminescence response where only a slight increase in PL quenching 
was observed at high copper ion concentrations (Figure 7.8A).  It should be noticed that 
even after the ion exchange of Cu+ and Cd2+, the surface stoichiometry of the CdSe was 
still Cd-rich.269  As summarized in Table 7.2, we also examined the CdSe samples by 
XPS after treatment with Co2+ or Ni2+, and no visible peak either from Co(2p) or Ni(2p) 
was detected (Figure 7.13), demonstrating the exquisite selectivity of this system for 
copper ions.  It is also worth mentioning that the thiol group on the surface of the QDs 
can also interact with Cu2+ ions and then leave the surface, as reflected by the small 
decrease of sulfur content after copper ion treatment. 
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Figure 7.10. XPS spectra in the S(2p), Se(3d), Cd(3d), C(1s), and Cu(2p) regions of 
CdSe QDs after treatment with pure water (upper row) and 100 μM Cu2+ (bottom row). 
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Figure 7.11. XPS spectra in the S(2p), C(1s), Cd(3d), and Se(3d) regions of CdSe QD 
film before UV illumination. 
 
Table 7.1. Summary of atomic concentration of Cd, Se, S, C, and Cu of CdSe QDs 
samples before and after UV illumination.  aThe sample was reacted under pure water 
conditions.  bThe peak intensity is negligible. 
 
Element / Atomic Concentration (%) Ion 
Concentration Cd Se S C Cu 
Original 10.70 7.23 17.51 67.56 --b 
Controla 9.80 6.01 14.99 69.20 --b  
 
Table 7.2. Summary of atomic concentrations of Cd, Se, S, C, and Cu on the CdSe QDs 
samples after reaction at various ion concentrations.  aThe sample was reacted under 
pure water conditions.  bNo observable peak of Co(2p) (Figure 7.13).  c No observable 
peak of Ni(2p) (Figure 7.13).  dThe peak intensity is negligible. 
 
Element / Atomic Concentration (%) Ion 
Concentration Cd Se S C Cu Cd/Se Cu/Se 
Controla 9.80 6.01 14.99 69.20 --d 1.63 0 
5 μM 9.16 7.14 14.35 70.16 0.19 1.49 0.03 
25 μM 9.08 7.16 14.42 69.49 0.85 1.47 0.14 
50 μM 8.82 7.22 13.94 68.91 2.11 1.42 0.34 
75 μM 8.44 7.49 13.95 68.62 2.50 1.30 0.39 
100 μM 7.74 7.10 13.99 68.86 3.31 1.27 0.54 
200 μM 7.87 7.17 16.11 68.92 3.93 1.11 0.63 
[Cu2+] 
300 μM 7.80 7.10 14.00 69.20 3.92 1.11 0.64 
[Co2+]b 100 μM 9.86 6.07 14.92 69.15 --d 1.62 0 
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Figure 7.12.  Schematic illustration of the surface structures of CdSe QDs and the cation 
exchange with copper ions.  R represents the 16-MHA moiety. 
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Figure 7.13.  XPS spectra in the Co(2p) and Ni(2p) regions of CdSe QDs after treatment 
with 100 μM Co2+ and Ni2+ ions, respectively. 
 
Cu2+ Detection in the Presence of Other Interfering Media.  To evaluate the 
performance of CdSe QD films as a selective Cu2+ probe, an interference study was 
carried out as presented in Figure 7.14.  It shows the 16-MHA capped CdSe QDs still 
exhibit good selectivity for Cu2+ ions in the presence of other metal ions including Ni2+, 
Mn2+, K+, Ca2+, Co2+, Pb2+, Na+, and Ba2+.  To further assess the application of this 
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system in the simulated physiological media containing components similar to that of 
cell culture environment.  The simulated samples were prepared by adding known 
amounts of copper ions at original and diluted DMEM solutions, which contain various 
inorganic salts, amino acids, vitamins, as well as additional supplementary components 
(Figure 7.4).  As summarized in Table 7.3, the results show good agreement between the 
experimentally measured and known values for the concentration of copper ion in 
diluted DMEM solutions, while the rough values can be obtained in non-diluted ones.  
This indicates the feasibility of using this enhanced QD-based sensing system for copper 
ion detection in physiological samples. 
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Figure 7.14.  Response of CdSe intensity in the (■) absence and (□) presence of 100 μM 
Cu2+ solution containing a specific interfering metal ion of 100 μM. 
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Table 7.3. Application of enhanced luminescence of CdSe QDs for the determination of 
copper ion in simulated physiological media. 
 
sample 
[Cu2+] 
nominal 
(μM) 
[Cu2+] found 
± SD (μM) 
1:20 diluted 
DMEM D-
5671 
25.00 
50.00 
75.00 
21.74 ± 6.27
56.31 ± 7.28
79.15 ± 8.87
1:10 diluted 
DMEM D-
5671 
25.00 
50.00 
75.00 
27.39 ± 4.31
60.43 ± 
10.11 
87.58 ± 
12.72 
commercial 
DMEM D-
5671 
25.00 
50.00 
30.22 ± 6.01
68.20 ± 
14.98  
 
7.5. Summary 
An ultrasensitive approach for Cu2+ ion detection and quantification sensing 
using CdSe QDs self-assembled on Si surfaces has been developed with a detection limit 
of 5 nM and a dynamic range extending up to 100 μM.  The high sensitivity for copper 
ion detection results from a combination of the plasmon-enhanced luminescence of CdSe 
by Ag nanoprisms in conjunction with photobrightening using UV or visible light.  PL 
quenching by Cu2+ is attributed to the selective ion-exchange processes between Cu2+ 
and Cd2+ at the CdSe QD surface as determined by XPS.  Our studies have shown that 
this system is capable of Cu2+ detection even in mixtures of various metal salts and 
provides a practical example for the determination of copper in physiological media.  
This technique provides a means for different analytes of interest containing various 
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Cu2+ concentrations to be readily probed on a single platform, affording a simple tool for 
rapid, inexpensive, and ultrasensitive Cu2+ analysis. 
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CHAPTER VIII 
CONCLUSIONS AND OUTLOOK 
 
The aim of this dissertation was to further our development and application of the 
self-assembled monolayers for creating directed assemblies on both metal and 
semiconducting surfaces. In this work, we began by exploring the electronic properties 
of porphyrin molecules embedded in n-dodecanethiol monolayers on Au(111) surface by 
STM. Then we moved on to the investigation of the enhancement of CdSe emission via 
near-field coupling to the surface plasmon modes of self-assembled metal nanoparticles 
on GaAs. A potential application was also developed in which an ultrasensitive probe for 
Cu ion detection was developed based on photo-brightened and plasmon enhanced CdSe 
QDs.  
In the course of these studies, three main projects have shown the utility of self-
assembled monolayers for creating well defined nanoscale architectures on surfaces. In 
each case, SAMs are used as a powerful tool to address the desired topic of interest. In 
the first study, tripyridyl porphyrin molecules were anchored to a background matrix of 
dodecanethiol via self-assembly. The results from STM measurement indicated the low 
tunneling efficiency for this fluorinated porphyrin due to the poor orbital ovelap between 
the porphyrin macrocycle and the thiol tether. Future studies will aim to systematically 
explore how coordination of various M2+ metals into the porphyrin macrocycle and how 
selective removal of fluorine groups from the tether will influence the electon transport 
behavior of the porphyrins. This study provides a fundamental understanding of 
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molecular conduction that could be used to further optoelectronic and light harvesting 
applications.  
In chapter IV, patterned silane SAMs were created on GaAs surface by 
conventional photolighography. Patterned arrays of Au or Ag nanostructures were 
thereby produced by using silane monolayers as linkers via electrostatic interactions. 
This platform was used to probe the plasmon enhanced photoluminescence of CdSe QDs 
as a function of metal-QD separation distance by directly scaling the luminescence 
intensities of QDs from coupled and noncoupled regions. By varying the separation 
distance between QDs and metal nanoparticles, we have shown that emission 
enhancement is strongly dependant on separation distance. The experimental results 
were also fit to a simple model consisting of two competitive mechanisms, energy 
transfer quenching and plasmon-assisted enhancement between QDs and metal 
nanoparticles. However, it was just an ensemble fitting without going down to a single 
nanoparticle level, therefore the exact mechanism responsible for the quenching or 
enhancement behavior cannot be determined at this stage. To predict and obtain the best 
performance of QD enhancement for sensing purposes, it will be necessary to improve 
the metal-QD sample design to more precisely control the relative positions, shapes and 
orientation of the metal nanostructures and their density on surface. Some of those 
challenges could be addressed with proper and fine control of the SAM patterning 
methods. 
To evaluate the ability of enhanced emission of CdSe QDs for sensing 
applications, we take advantage of the system that we built for usingprobing enhanced 
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photoluminescence of CdSe QDs as new platform for ultrasensitive, cheap, and rapid 
copper(II) detection. Here enhanced emission of QDs is from the QDs coupled to the Ag 
nanoprisms self-assembld on Si and further photobrightened by UV or laser light to 
reach a higher emission intensity. We have demonstrated a detection limit of 5 nM and a 
dynamic range of 100 μM using this platform with very good selectivity even in 
physiological media. The quenching behavior is attributed to the ion-exchange between 
Cu2+ and Cd2+ on the CdSe QD surface.  
Although we have successfully applied these self-assembly QD structures for 
ion-sensing, it is still a challenge to use this system in biosensing due to the toxicity of 
Cd2+ to organisms. In order to incorporate this platform into biological systems, we have 
synthesized the gold nanoclusters (less than 1 nm in diameter) in an attempt to replace 
the CdSe QDs. The Au nanoclusters have attracted a lot of interest due to their highly 
fluorescent, water-soluble, very stable properties.270 Additionally, the emission 
wavelength of the Au nanoclusters can be tuned simply by controlling their size due the 
spatial confinement of free electrons in metal nanoclusters.270 Most importantly, in 
contrast to semiconductor QDs which are typically toxic to biomolecules due to 
cadmium or lead ions, the Au nanoclusters are exceptionally attractive for in vivo 
cellular labeling and in vitro assay detection because of their ultrafine size and 
nontoxicity. The Au nanoclusters with blue and red emission capped by biologically 
compatible surfactants were synthesized as shown in Figure 8.1. The details of the 
synthetic methods were describes elsewhere.271,272 Briefly, the blue emission Au 
nanoclusters were using a poly(amidoamine) (PAMAM) dendrimer as template. The Au 
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ions were mixed into the dendrimer solution and then incubated at 37 oC for 3 days to 
allow for the complete reduction of gold ions. For the red emission Au nanoclusters, the 
gold ions were added to bovine serum albumin (BSA) solution and the pH of the mixed 
solutions was adjusted to ~12 by NaOH. The reaction mixture was vigorously stirred at 
37 oC for 12 h. Hopefully we will be able to use the enhanced fluorescence of the Au 
nanoclusters as a probe for biosensing in the future. 
 
 
Figure 8.1.  Au nanoclusters of (A) blue emission (λexc=366 nm) and (B) red emission 
(λexc=488 nm). Right figures show the photographs of Au nanocluster solutions under 
λ=398 nm UV light. 
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